
















EFFECT OF MICROALLOYING ON THE STRENGTH  





A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of Mines in 























Dr. Michael Kaufman 
Professor and Head 
Department of Metallurgical 











Microalloying additions of V, Nb, and N were investigated as means of increasing strength of 
eutectoid steels for wire applications. In order to examine the effects of microalloying additions during 
several stages of wire processing, continuous cooling experiments with and without deformation as well 
as patenting simulations were conducted using a Gleeble® 3500 thermomechanical simulator. Continuous 
cooling was performed from industrial austenitizing (1093 °C) and laying head (950 °C and 880 °C) 
temperatures, at rates ranging from 1-50 °C/s. Deformation was induced via hot torsion testing, which 
was followed by continuous cooling from 950 °C at rates of 5, 10, and 25 °C/s. Industrial wire patenting 
was simulated by austenitizing at 1093 °C or 950 °C for 30 sec, then rapid cooling to isothermal 
transformation temperatures of 575, 600, 625, and 650 °C for 15 sec before cooling to room temperature. 
Metallography, Vickers hardness, pearlite colony size and pearlite interlamellar spacing (ILS) 
measurements were used to examine the effects of these treatments. Continuous cooling transformation 
(CCT) curves were constructed for four steels: 1080, V, V+N, and V+Nb. In the V-microalloyed steel, 
additional N accelerated pearlite transformation and Nb delayed pearlite transformation. Observed N 
effects are in agreement with the theory of VN nucleating grain boundary ferrite and accelerating pearlite 
transformation, proposed by Han et al. [1995], and also consistent with observations by Brownrigg and 
Prior [2002]. Delay of transformation temperatures has been observed due to Nb effects [De Ardo, 2009]. 
A larger delay observed with higher austenitizing temperatures suggests that Nb precipitates may not be 
as effective at delaying transformation. V strengthening effects were observed in all microalloyed steels 
using a model that predicted hardness of eutectoid steels by incorporating colony size and ILS 
measurements, with maximum strengthening observed for the V+N steel. The V+Nb steel was found to 
have the greatest refinement of colony size and ILS, and subsequently higher hardness among the test 
alloys in both the undeformed and deformed conditions, consistent with the delay of pearlite 
transformation. In general, undeformed samples had much higher hardness values. Patenting simulations 
performed on microalloyed steels showed the potential for increased strength with V addition with a 
sufficiently high austenitizing temperature.  All microalloyed steels showed higher hardness than 1080 
when austenitized at 1093 °C, with V and V+Nb having the greatest strength increase. The effect was not 
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CHAPTER 1 : INTRODUCTION 
1.1 Background 
High-carbon wire steels are known for their high strength, such as steel wire used for tire 
reinforcement with tensile strength levels as high as 4.0 GPa [Tarui, 1999]. However, demand for weight 
reduction in commercial applications has provided incentive to further increase the strengthening 
potential in these materials. Microalloying is considered a promising method, but effective 
implementation requires better understanding of strengthening mechanisms and thermomechanical 
processing responses of wire products.      
1.2 Project Objectives  
This project was designed to investigate the effects of microalloying elements, in particular V and 
Nb, on microstructural evolution and mechanical properties of high-carbon steel during different stages of 
processing, with the goal of maximizing tensile strength.  
1.3 Literature Review 
This section outlines how microstructural features contribute the strength of drawn wire products, 
and reviews several studies that have been conducted on microalloyed wire steels.  
1.3.1 Wire Product Processing 
High-carbon steels are used in a variety of applications including tire reinforcement, oil rig 
mooring lines, concrete reinforcement, suspension bridge cables, etc. [Tarui, 1999, Wilkinson, 2006, 
Yang, 2008]. Processing of wire products can be broken down into four steps: casting, hot rolling, cold 
drawing, and in some cases patenting and further cold drawing. First, the liquid steel is often continuously 
cast into a round billet. The billet is taken to a rod mill where it is reheated then mechanically reduced, or 
hot rolled. This is accomplished by passing the rod through a series of deformation stands, as shown in 
the hot rolling mill schematic in Figure 1.1, with each stand consisting of several oval-round passes. After 
hot rolling, the wire rod is of an intermediate diameter, on the order of 5.5-10 mm. Final diameters, which 
can be less than 1 mm, are attained by cold drawing. During this process, the wire rod is drawn through a 
series of dies of increasingly smaller diameter. Drawing imparts a high degree of strain to the wire, which 
hardens the material exponentially. To avoid breakage, a heat treatment called patenting can be performed 
before drawing or in between drawing passes.    
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Patenting consists of a short duration hold at an austenitizing temperature (~950 °C) followed by 
rapid cooling to an isothermal transformation temperature (~600 °C) [Ferrous Wire Handbook, 
 
 Figure 1.1 Typical rod mill layout [Lee, 2001].  
2008]. Patenting relieves drawing strain and allows for further reduction by generating a fresh fine 
pearlitic microstructure. Historically, it was performed by passing the wire through a bath of molten lead 
after a furnace reheat, which provided excellent heat conduction for rapid cooling prior to isothermal 
transformation [Zubov, 1972]. A typical thermal profile of the process is shown in Figure 1.2. 
 
Figure 1.2 Thermal profile typical of industrial patenting  [Ferrous Wire Handbook, 2008]. 
1.3.2 Alloy and Structure 
Thermal profiles and mechanical deformation schedules are designed to produce desired 
mechanical properties in the final products. The choice of a combination of thermal and deformation 
history requires an understanding of the alloy system, microstructural evolution, and how microstructure 
relates to mechanical properties. Eutectoid steels are used for high-strength wire products because of their 
high strength and toughness, which originate from their microstructure. Cooling a 0.8 wt pct C steel from 
austenite during a hot rolling or patenting step should produce a combination of ferrite and cementite 
according to the Fe-C phase diagram, but several different morphologies are possible depending on 
cooling rate. Rapid cooling can produce bainite, shown in Figure 1.3 (c), as well as martensite, both of 
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which lack the necessary ductility for wire drawing and forming. Slower cooling rates produce a coarse 
pearlite structure, composed of alternating layers of ferrite and cementite as shown in Figure 1.3 (a). 
Pearlite features, i.e. interlamellar spacing and size of colonies, and morphology correlate to final 
mechanical properties, and optimal mechanical properties can be achieved by creating a fine, 





Figure 1.3 The pearlite structure: (a) coarse pearlite, (b) fine pearlite, and (c) mixed 
pearlite/bainite [Ferrous Wire Handbook, 2008] 
1.3.3 Strengthening Mechanisms 
Mechanical strength of eutectoid steels can be predicted based on four major contributors: solid 
solution strengthening, cementite strengthening which directly correlates with cementite volume fraction, 
pearlite colony size, and pearlite interlamellar spacing (ILS). For yield strength predictions, medium and 
high carbon steels have been found to follow the relationship in Equation 1.1, where     is a term 
representing the combination of solid solution and cementite volume strengthening,   is colony size in 
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  (1.1) 
A good correlation was observed between yield strength calculated using this expression and 
experimental values for plain carbon steels ranging from 0.75-1.8 pct C, as shown in Figure 1.4. 
Generalizing from these relationships, colony size and ILS follow an inverse square root (Hall-Petch) 
relationship, therefore maximum strength can be achieved by refinement of these quantities. It should also 
be noted that ILS is generally several orders of magnitude less than colony size, and is hence a much 
stronger contributor. Yield strength,     in MPa, can be correlated to Vickers hardness, HV/1kgf, 
according to Equation 1.2, the result of a regression analysis conducted by Pavlina for over 150 
hypoeutectoid steels ranging from yield strengths of 300-1700 MPa [2008]. 
 
                    (1.2) 
 
Figure 1.4 Correlation of experimental yield strength to yield strength calculated from   Equation 
1.1 for steels with C contents ranging from 0.75-1.8 wt pct. [Taleff, 1996] 
Another approach by Clark and McIvor correlated processing variables and composition to tensile 
strength of continuously cooled eutectoid plain carbon steels using a relationship provided in Equation 1.3 
[1989]. All composition values are in wt pct, and ftreat is a heat treatment term depending on cooling rate, 
CR [°C/s], and prior austenite grain size, Dγ [μm] shown in Equation 1.4, where Sv is the grain boundary 
area per unit volume.  
   [   ]                                     




                                (1.4) 
More recently, Jorge-Badiola et al. modified the        term to account for V and N precipitation in 
eutectoid steels and cooling rate as shown in Equations 1.5 and 1.6, and found good correlation to a wide 
range of literature data [2010]. 
CR<10 °C/s                                                   (1.5) 
CR≥10 °C/s                                                 (1.6) 
1.3.4 Ductility 
The resistance to delamination during twist testing is of great importance to wire products, which 
must be able to withstand mechanical deformation processes such as twisting of strands into wire rope. 
Wire fractures during torsion testing exhibit two distinctly different facture morphologies illustrated in 
Figure 1.5. Figure 1.5 (a) shows a typical fracture on a plane perpendicular to the wire axis on the plane 
of maximum shear, and Figure 1.5 (b) shows a typical “brittle” fracture along a helical plane which 
corresponds to the plane of maximum tension, at 45 deg to the wire axis. Delamination has been found to 
depend upon ILS, dislocation density, and the amount of cementite dissolution that occurs at high strains 
[Tarui, 2005, Maruyama, 2002]. Within the ASPPRC, a study of aging effects on delamination and 
torsional ductility in hypereutectoid wires was recently conducted by Pennington [2008]. Greater 
resistance to delamination, or higher material toughness, is achieved by promoting uniformity of 
deformation in the structure, but factors affecting failure modes during twisting are not as well understood 
as the strengthening mechanisms.  
Decreasing prior austenite grain size has been shown to increase toughness in eutectoid steels 
[Hyzak and Bernstein, 1976, Lewandowski and Thompson, 1986] and hypereutectoid steels 
  
(a) (b) 
Figure 1.5 Image showing twist testing fracture surfaces of 0.75 wt pct C steel cord wire (a) 




[Elwazri, 2005]. Hyzak and Bernstein noted that pearlite ILS also had a small effect on charpy impact, 
dynamic fracture, and reduction in area, but pearlite colony size had almost no effect [1976]. 
Misorientation between colonies has also been proposed to affect toughness, with larger misorientation 
providing a more tortuous path for crack propagation [Taleff, 2002]. Jorge-Badiola et al. have introduced 
the “ferrite unit,” or a single crystallographic orientation of ferrite, as a microstructural feature to correlate 
to toughness, obtained from electron backscatter diffraction (EBSD) measurements [2010].  
When considering ways of improving the strength, ILS refinement has been extensively 
employed, with measurements on the order of 10 nm for the highest tensile strength drawn wire [Tashiro 
and Tarui, 2003]. Solution strengthening and volume fraction of cementite have been maximized by using 
the highest possible carbon level of ~0.8 wt pct C, beyond which there is a risk of forming brittle grain 
boundary cementite which limits drawability. Han et al. have shown that Si alloying can suppress grain 
boundary cemenitite up to 0.95 wt pct C, but the high C levels lead to detrimental segregation in cast 
billets [2001]. Microalloying has the potential to further increase the strength of eutectoid steels by 
precipitation strengthening and microstructure refinement.     
1.3.5 Precipitation Strengthening 
Precipitation strengthening occurs when precipitates inhibit dislocation motion through the 
matrix. Precipitates that contribute to strengthening are expected to follow an Ashby-Orowan relationship, 
with the yield strength contribution of precipitation,     , scaling as the square root of the volume 
fraction of particles, f. The general equation for this contribution is given in Equation 1.7, where G is the 
bulk modulus, b is the Burgers vector, f is the volume fraction of precipitates, and X is the particle 
diameter.  
 
     






Maximum strengthening can be achieved by a high density of finely dispersed particles. The 
maximum volume fraction of precipitates, f, can be calculated using Equation 1.8 where M refers to the 
molecular weight of each species, and ρ refers to the density, and m is the calculated conversion factor 
between volume percent of the precipitate and weight percent of the microalloying element [Gladman, 
1997].     
 
                      
   
  
 
   
   
 
                        
(1.8) 
1.3.6 Alloying Elements 
Vanadium is a strong carbide former and VC precipitates have the highest austenite solubility 
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compared to Nb- and Ti-(C, N)s [Gladman, 1997]. Microalloy solubilities can be compared using the 
solubility product, ks, as a measure of the thermodynamics of the reaction of a dissolved metal element, 
[M], and an interstitial element, [X], forming a precipitate MX as expressed in Equation 1.9. It can be 
approximated using the alloy contents of M and X in weight percent as shown in Equation 1.10. The ks 
value follows an Arrhenius relationship with temperature, and a larger ks indicates greater propensity of 
microalloying elements to be in solution at a given temperature.  A plot comparing the solubility of the 
microalloying elements V, Nb, and Ti is provided in Figure 1.6. 
 
[ ]  [ ]     (1.9) 
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 [ ][ ] (1.10) 
With enough driving force for precipitation, V may form vanadium carbonitrides (V(C,N)) in 
pearlitic ferrite. Khalid and Edmonds observed discrete rows of carbides in pearlitic ferrite as shown in 
Figure 1.7 in high carbon steels austenitized at 1250 °C for 30 min and isothermally transformed at 650 
°C for 10 min [1993]. This process of carbides forming in rows along an advancing ferrite/austenite 
interface is known as interphase precipitation, and precipitates in this morphology have been shown to 
provide a significant strength contribution to high-carbon alloys [Khalid and Edmonds, 1993, Gladman, 
1997]. Random dispersion of nanoscale V(C,N) precipitates has also been observed in the pearlitic ferrite 
of microalloyed wire rods and are believed to be due to the rapid cooling of the hot rolling process 
[Khalid and Edmonds, 1993, Zajac, 2005]. Rapid cooling traps V in solid solution, and precipitation 
occurs well below pearlite transformation. 
One observation related to precipitation in eutectoid, V-microalloyed steels is the occurrence of 
grain boundary ferrite, with the amount increasing with V content [Han, 1995]. Han et al. have proposed 
a mechanism, illustrated in Figure 1.8, that explains the observations, involving first the formation of 
V(C,N) clusters on austenite grain boundaries. For the hypereutectic alloys containing approximately 0.2 
wt pct V that Han studied, Fe3C precipitation was observed at the austenite grain boundaries, likely 
encouraged by V(C,N) clusters, followed by proeutectoid ferrite nucleation and growth either in C 
depleted areas surrounding the grain boundaries or preferentially on V(C,N) clusters. Suppression of 
cooperative pearlite transformation could be due to the lack of an orientation relationship between Fe3C 
and any ferrite that may form on V(C,N) clusters, as well as depletion of the austenite grain boundary area 
of C needed for Fe3C growth. Proeutectoid ferrite growth continues along the grain boundary, potentially 
containing rows of V(C,N)s formed by interphase precipitation depending on cooling rate. When a 
sufficient driving force is present, the nucleation and cooperative growth of pearlite begins. This 
mechanism explains why grain boundary ferrite has been observed even in hypereutectoid steels, and 
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implies that V(C,N) may encourage grain boundary ferrite nucleation [Han, 1995, 2001].  
Conflicting reports of V effects on transformation temperatures and hardenability exist in the 
literature. Grange reported V as a good hardenability agent, as shown in Figure 1.9 by an increase in 
hardenable diameter, ΔD, with higher V content. Eldis and Hagel reported small amounts of V conferring 
 
Figure 1.6 Comparison of stability of microalloy precipitates in austenite and ferrite. A large  
 solubility product, ks, corresponds to higher solubility [Gladman, 1997]. 
 
Figure 1.7 Dark field TEM image of VCs in high carbon steel austenitized at 1250 °C and 
isothermally transformed at 650 °C showing interphase precipitation in pearlitic ferrite 




Figure 1.8 Schematic of grain boundary ferrite formation in V microalloyed steels consisting 
of: (a) austenitization, (b) formation of fine V(C,N) clusters during isothermal 
transformation, (c) grain boundary Fe3C formation, (d) ferrite nucleation due to 
carbon depletion, (e) precipitation of V(C,N)s during ferrite growth, and (f) 
nucleation and cooperative growth of pearlite [Han, 1995]. 
 
 
hardenability, but larger amounts reducing hardenability [Grange, 1974, Woolhead, 1983]. Following the 
summary by Woolhead, austenitization parameters determine whether V is present as grain boundary 
precipitates or in solid solution in austenite, which determines the observed transformation behavior upon 
cooling [1983]. Garbarz and Pickering tested the hypothesis that V(C,N)s pin austenite grain boundaries, 
promoting smaller grain sizes and less hardenability [1988]. They found that 0.13 wt pct V decreased 
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hardenability in medium carbon steels, and 0.31 wt pct increased hardenability as shown in Figure 1.10 
(a). Both levels of V reduced austenite grain size initially. But in the 0.13 V steel, V(C,N)s dissolved after 
several minutes of holding and sudden, non-uniform grain growth occurred earlier than in the 0.31 wt pct 
V steel as shown in Figure 1.10 (b). Larger austenite grain size led to increased hardenability, consistent 
with well known behavior shown in Figure 1.11. Figure 1.11 shows ideal diameter, or the largest bar 
diameter where 50 pct martensite is formed at the center, as a function of austenite grain size and carbon 
content [Krauss, 2005]. More refined austenite grains are less hardenable because of an increased number 
of ferrite nucleation sites with the higher austenite grain boundary area, which cause accelerated 
transformation and prevent the formation of low temperature transformation products. A more recent 
review of V effects in low carbon steels found that V in solution had a minimal effect on transformation 
temperatures in low carbon steels as shown in Figure 1.12 [DeArdo, 2009], and Najafi et al. also found no 
effect of V for as-cast medium carbon microalloyed steels where interphase V(C,N) precipitates were 
observed within ferritic constituents [2008].  
 
Figure 1.9 Effect of wt pct V on hardenable diameter [Grange, 1974] 
Similar to V, Nb may form Nb(C,N) in the presence of carbon and nitrogen. Whether any 
precipitates formed during casting will dissolve during hot rolling reheating can be predicted by solubility 
relationships [Gladman, 1997]. Precipitation in austenite is sluggish, and dissolved Nb is expected to 
mostly remain in solid solution during hot rolling at high temperatures [DeArdo, 2006].  Precipitation will 
occur on austenite grain boundaries when the temperature becomes too low for Nb to remain in solid 
solution, or with the occurrence of strain induced precipitation. The small amount of Nb that remains in 
solid solution in austenite until pearlite transformation will form in pearlitic ferrite. Solubility limitations 
of Nb in austenite set the maximum amount of precipitation strengthening for eutectoid steels at ~50 MPa 








Figure 1.10 (a) Effect of austenitizing time on hardenability for medium carbon steels, 0.3 wt pct, 
with different amounts of V, (b) Effect of austenitizing time on grain size for medium 
carbon steels austenitized at 975 °C [Garbarz and Pickering, 1988]. 
 
Figure 1.11 Hardenability variation with austenite grain size. Larger grain size number corresponds to 















Figure 1.12 Effect of microalloying elements in solution on Ar3 temperatures for steels containing 0.1 
wt pct C and 1.5 wt pct Mn cooled at (a) 10 °C/s and (b) 0.5 °C/s [DeArdo, 2009]. 
For HSLA steels, the impact of Nb as a grain refining element can be more significant than its 
precipitation strengthening contributions. One of the topics of interest in this study is to understand 
effects of Nb in solution on austenite grain conditioning, pearlite transformation, and resulting pearlite 
characteristics, because data relating to Nb effects on transformation in high carbon steels are limited. For 
low carbon steels, Nb in solution has been shown to delay ferrite transformation, Ar3, by solute drag as 
shown in Figure 1.12 and Figure 1.13 [Lee, 2005, Calvo 2009]. In as-cast medium C steels, Najafi noted a 
decrease in Ar3 with Nb additions based on ferrite and pearlite contents [2008]. Akben et al. observed a 
delay in dynamic recrystallization with Nb additions in low carbon steels [1983], though exponentially 
more in precipitate form than in solid solution as shown in Figure 1.14 [DeArdo, 2006]. For steels with V 
and Nb additions, Yamamoto et al. found the combination to have little effect on hardenability for hot 
rolled medium carbon spring steels [1984]. Both Akben [1983] and Yamamoto [1983] reported greater 
strength increases with the combination of V+Nb compared to steels microalloyed with each element 
separately.  
Nitrogen is typically considered an undesirable element in wire products because of its propensity 
for embrittlement when present in interstitial form, and it has been shown to reduce ductility as presented 
in Figure 1.15 [Glodowski, 2000, Su, 2010]. As long as the amounts of the alloying elements are above 
the stoichiometric ratio, 4:1 for V, the N can be tied up and embrittlement is not a concern. V-
microalloyed steels with high nitrogen, i.e. 140 ppm, have been produced to encourage greater amounts of 
nitride formation [Korchynsky 1988]. VN precipitates have a higher driving force for precipitation 
compared to VC at isothermal transformation temperatures. VNs also have greater resistance to 
coarsening, and are less likely to dissolve during heat treatments such as patenting or galvanizing 






Figure 1.13 (a) Effect of dissolved Nb on Ar3 temperature for low carbon steels cooled at different 
rates. Steel compositions are provided in (b) [Lee, 2005]. 
 
Figure 1.14 Effect of Nb on softening behavior of low-carbon steels. NbC precipitates provided a 
marked decrease in softening even with extended durations at austenitizing temperatures 
[DeArdo, 2006].   
 
Figure 1.15       Relationship between twists to failure and nitrogen content in bead wire containing 0.8-














steels due to additional precipitation strengthening as shown schematically in Figure 1.16 [Yang and 
Wang, 2008]. Zajac et al. reported accelerated transformation and additional strengthening of ~5 MPa 
per0.001 wt pct N in low C steels as shown in Figure 1.17 [1998, 2001]. V and N additions have been 
shown to reduce hardenability by accelerating pearlite transformation in medium carbon steels [Panfilova, 
2010]. For eutectoid steels with a consistent austenite grain size, Brownrigg and Prior showed that adding 
0.068 wt pct V and 60 ppm N shifted the CCT curves to higher temperatures and shorter times as shown 
in Figure 1.18 [2002].  
 
Figure 1.16 Comparison of yield strengths of rebar steels hot rolled to a 6 mm diameter containing 




Figure 1.17 Increase in yield strength and accelerated transformation observed with higher N content 
for low carbon steels [Zajac, 1998, 2001]. 
 
Increased 








Figure 1.18 CCT diagrams for eutectoid steels containing (a) no V and 50 ppm N, and (b) 0.072 wt 
pct V and 110 ppm N. The arrow shown in part (b) shows the direction of CCT shift with 
the addition of V and N. Both alloys contained 0.50 wt pct Si. [Brownrigg, 2002]. 
Han et al. found that Si contents of ~1 wt pct increased hardness of plain C and V-microalloyed 
eutectoid steels, as shown in Figure 1.19. The increased hardness with Si addition was attributed to solid 
solution strengthening and lowering of pearlite transformation temperatures [2001]. Another significant 




Brownrigg and Prior found that Si additions reduced pearlite transformation temperatures by about 30 °C 
in plain C steels, and adding 1 wt pct Si to V microalloyed steels caused a large decrease in hardenability, 
even with the same initial austenite grain size [2002]. Manganese has been shown to retard pearlite 
transformation kinetics as shown in Figure 1.20, and can be added to refine interlamellar spacing [De 
Cooman and Speer, 2006]. Tarui et al. found that the addition of up to 0.5 wt pct Cr refines lamellar 
spacing and increases work hardening rate as shown in Figure 1.21 [2005], and Korchynsky used a ~0.1 
wt pct Cr addition in his study of eutectoid V-N wire rods [1988]. 
  
(a) (b) 
Figure 1.19 Influence of Si additions on Vickers hardness of (a) plain C eutectoid steels and (b) V 
microalloyed eutectoid steels held at different isothermal transformation temperatures 
[Han, 2001]. 
 
Figure 1.20 Influence of Mn additions on pearlite transformation kinetics [De Cooman and Speer, 
2006]. 
0.23 wt pct Si 
0.96 wt pct Si 
0.22 wt pct Si 





Figure 1.21 Influence of Cr additions on eutectoid and hypereutectoid drawn wire properties: (a) 
strength after patenting at 950 °C and isothermally transforming at 580 °C and (b) work 
hardening rate after drawing to a true strain of ε = 3.89 [Tarui, 2005].  
1.3.7 Wire Studies 
Several studies have been conducted to evaluate the potential of V and N to increase strength in 
wire steels. Mottishaw and Smith investigated the effect of V additions in hot rolled eutectoid wire steels 
with compositions in wt pct similar to the alloys used in the study presented in this thesis: 0.75-0.77 C, 
0.60 Mn, 0.23 Si, 0.36 Cr, and 0.02-0.21 V [1983]. They noted increased hardness with increased V 
content and lower isothermal transformation temperatures in the pearlitic regime as shown in Figure 1.22 
(a). A large decrease in hardness was noted with upper bainite formation, shown in Figure 1.22 (b). They 
concluded that increases of strength with V addition were due in equal parts to refinement of ILS and 
precipitation of V in the pearlitic ferrite, and also noted enrichment of V in cementite as shown in atom 




Figure 1.22 Effect of (a) austenitization temperature and (b) isothermal transformation temperature on 








Figure 1.23 Atom probe results across a ferrite/cementite interface in eutectoid steel containing 0.12 
wt pct V showing V enrichment in cementite [Mottishaw and Smith, 1983]. 
Han, Smith, and Edmonds investigated the effects of alloying elements, austenitization 
temperatures, and isothermal hold temperatures on eutectoid and hypereutectoid steels [1993, 1995, 
2001]. Lower isothermal transformation temperature, higher austenitization temperature, and greater wt 
pct V increased microhardness as shown in Figure 1.24. Strength increases were attributed to decreased 
pearlite ILS as shown in Figure 1.25, except at the highest C level (1.05 wt pct) where grain boundary 
cementite networks occurred. Han et al. also correlated tensile strength to Vickers hardness for high 
carbon (0.96 and 1.05 wt pct C) V-microalloyed wire rods using the empirical relationship shown in 
Equation 1.11, with results shown in Figure 1.26. 
   [   ]        [    ] (1.11) 
Rodriguez-Ibabe and Lopez used the tensile strength expressions in Equations 1.3 and 1.4 to 
include alloy chemistry, austenite grain size, and cooling rate contributions to strength, then converted the 
tensile strength values to Vickers hardness using Equation 1.11 [2010, 2011]. For their materials, 
measured hardness values correlated almost exactly to calculated values for plain C eutectoid steel as 
shown in Figure 1.27. Microalloyed steels had measured hardness that exceeded calculated values, and 
that difference was attributed to V effects of precipitation strengthening and decreased ILS.  
1.3.8 Effect of Deformation on Microstructure and Properties 
The eutectoid microstructure, strength and toughness considerations, precipitation behaviors, 
alloying effects, and relevant studies of V-N steel wires have been reviewed in previous paragraphs, but 
not the effects of deformation. Hot rolling can follow several different schedules based on microstructure 






            
       
(a) (b) 
Figure 1.24 Effect of isothermal transformation temperature on microhardness for (a) increasing 
levels of V in eutectoid wire rod steels, and (b) different austenitization temperatures for 
an 11.5 mm diameter hot rolled rod containing (wt pct): 0.93 C, 1.0 Si, 0.25 V, 95 ppm N 
[Han, 2001]. 
 
Figure 1.25       Effect of isothermal transformation temperature on interlamellar spacing (λ) for V-
microalloyed steels with different C contents [Han, 2001].  
is as follows: reheating, deformation in several steps starting above and finishing below TNR, followed by 
accelerated cooling to obtain a fine pearlitic microstructure.  
Rodriguez-Ibabe et al. recently examined the role of austenite conditioning on pearlite 
transformation and interlamellar spacing [2010]. Materials had approximately 0.8 wt pct C with variations 
in V and N contents as presented in Table 1.1. Laboratory castings were machined into torsion samples, 
then deformed with a multipass torsion schedule above and below TNR to create recrystallized and 
deformed austenite grains, respectively. Interlamellar spacing was coarser when pearlite formed from 
deformed austenite, and more refined when the pearlite formed from finer recrystallized grains as shown 
in Figure 1.28 (a). Refinement of ILS correlated to increased hardness as shown in Figure 1.28 (b). 
Increased V Higher Austenitizing 
Temperature 




Figure 1.26 Correlation between Vickers hardness and ultimate tensile strength for high carbon wire 
rods, expressed in Equation 1.11. Steel 10 was the only alloy with a reported N content of 
95 ppm [Han, 2001]. 
 
Figure 1.27 Comparison of predicted and calculated hardness values for four eutectoid steels. Plain 
C steel lies along the 1:1 line, and increased measured hardness is attributed to V 
effects [Rodriguez-Ibabe, 2011] 
Rodriguez-Ibabe and Lopez explained this behavior by an acceleration of pearlite transformation in 
deformed grains as shown in Figure 1.29 (a). This differs from the behavior observed in low carbon 
steels, as summarized in Figure 1.29 (b).  
Wire processing produces distinct microstructural changes in the wire rod. Pearlite lamellae rotate 
to align with the drawing direction, and thin along the drawing axis down to ILS values of several 
nanometers [Langford, 1977]. Cementite lamellae become more ductile as they thin, allowing for high 
drawing strains to be accommodated. At a true strain value of 4, cementite has been found to become 
increasingly amorphous as C is removed from lattice sites by dislocation propagation [Zelin, 2002]. 
Amorphous cementite is theorized to be the primary strength contributor to cold drawn wires, with some 
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Figure 1.28 Effect of cooling rate and austenite conditioning on (a) pearlite ILS in a single 




Figure 1.29 Schematic diagrams showing (a) effects of austenite conditioning on pearlite 
transformation and (b) differences in structure/property relationships for low and 




influence of interlamellar spacing [Borchers, 2009]. A 200 °C anneal of severely drawn wire has been 
shown to increase yield strength by C pinning of dislocations, and a 400 °C anneal was sufficient to 
coarsen the microstructure and undo the amorphitization of cementite [Hong, 1999]. Wire products, 
though exceptionally strong in the as-drawn condition, can be very sensitive to subsequent heat treatments 
such as galvanizing, annealing, or patenting [Ferrous Wire Handbook, 2008]. This is also the case for 
strength achieved by microalloy precipitation, as coarsening of precipitates can nullify their contribution.  
For wire product deformation behavior, Korchynsky performed a mechanical properties 
assessment of two steels: a plain C eutectoid alloy containing 80 ppm N and an alloy containing 0.09 wt 
pct V and 140 ppm N [1988]. Wire rods were industrially hot rolled to 7.4 mm in diameter then drawn to 
various diameters, with a minimum of 2.25 mm. Korchynsky noted that the eutectoid V-N wires had 
higher work hardening rates than plain C steels as shown in Figure 1.30, leading to higher strength in the 
V-N wire. There was no impaired drawability associated with 140 ppm N, and there were no detrimental 
aging effects.  
1.3.9 Modelling of Hot Rolling Deformation 
Extensive work has been done on modeling hot rolling for strip steel, especially for plain carbon, 
HSLA, and IF steels [Samarasekera, 1997, Militzer, 2000, Nakata, 2005]. The primary analysis technique 
used for development was hot torsion, specifically using a Gleeble® thermo-mechanical simulator, which 
was shown to be an effective tool in simulating the hot rolling process from reheat to coiling [Militzer, 
2000, Samarasekera, 1997, Sun, 1997, Brimacombe, 1999]. 
Simulations of rod hot rolling are less prevalent because of higher strain rates not easily achieved 
in a laboratory setting (up to 3000 s
-1
 in rod mills compared to 200 s
-1
 in strip mills), and it has been 
shown that different equations must be developed to describe deformation effects for bar products 
[Maccagno, 1994, Lee, 2002, 2004]. Lee et al. developed an integrated model to predict mechanical 
properties from mill parameters. They have used hot torsion testing to validate predictions for low carbon 
steel rod, and Jorge-Badiola et al. used torsion testing to examine effects of V and additional N on high 
carbon steels as reviewed earlier [Lee, 2002, 2004, Jorge-Badiola, 2010].  
The method proposed by Lee involved translating mill deformation parameters into torsion 
parameters [2002, 2004]. First, round-oval pass rolling dimensions were converted to equivalent 
rectangular dimensions before the pass, ̅  and  ̅ and after the pass,  ̅ and ̅ , as shown in Figure 1.31. 
True strain components,    and   , were calculated using these dimensions, and volume constancy leads 
to the equation for    according to Equation 1.12. Effective strain per pass,   ̅, was determined using 






Figure 1.30 Plot of reduction in area versus tensile strength, Rm, and yield strength, Rel, between plain 
C (RP) and V-N (VP) microalloyed eutectoid wires steels. The hot rolled wire rod of 
7.4 mm diameter drawn to various diameters, the smallest of which was 2.25 mm. Work 




Figure 1.31        Equivalent rectangular dimensions proposed by Lee for pass-by-pass strain calculations 
[Lee, 2002]. 
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For strain rate,  ̇ , calculation (Equation 1.14), the effective strain per pass,   ̅, was divided by a 
contact time term (Equation 1.15), which incorporated roller radius (    ), rotational speed of the rollers 
(  ), and an approximation of the length of the contact zone ( ). The effective roller radius,     , is the 
full roller radius,     , minus the roll gap,   (Equation 1.16). Calculation of the contact zone length 
involves,     ,  , and rectangular dimensions according to Equation 1.17.  
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Table 1.2 defines all variables and provides a summary of all the expressions used to calculate strain and 
strain rate per pass from mill measurements. Using the Von Mises yielding criterion, Lee converted strain 
per pass,   ̅, values from mill parameters into effective shear strains,     (Equation 1.18). 
 





Table 1.2 – Equations for Determination of Pass-by-Pass Mill Parameters from Mill Data [Lee, 2004] 
 
Equation Description Variable Definitions 




Strain Components using Equivalent 
Rectangular Dimensions 
 ̅  Rectangular Undeformed 
 Width 
 ̅  Rectangular Deformed Width 
 ̅  Rectangular Undeformed 
 Height 
 ̅  Rectangular Deformed  
                         Height 
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Strain per Pass   ̅ Effective Strain per Pass 
           Effective Principle Strains 




Strain Rate per Pass  ̇  Effective Strain Rate per Pass 
   Deformation Time 
   
   
       
 
Deformation Time   Projected Contact Length 
   Roller Rotational Speed 
     Effective Roller Radius 
            Effective Roller Radius      Roller Radius  
  Roll Gap 
  √{     (
 ̅   
 
)}   ̅   ̅   
Effective Projected Contact Length  
Angle of rotation,  , and rotation rate,  ̇, for torsion testing were calculated using the shear strains, γe, and 
an effective sample radius,   , according to Equations 1.19 and 1.20. Equation 1.21 defines the effective 
radius as a percentage of the full sample radius,  . Variables for all equations used for torsion parameter 
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Table 1.3 – Equations for Determination of Pass-by-Pass Mill Parameters for Torsion Testing 
[Barraclough, 1973, Lee, 2004] 
Equation Description Variable Definitions 
     √    Shear Stress Conversion – Von Mises   ̅ Effective Strain per Pass 




    
Angle of Rotation     Effective Shear Strain 
  Angle of Rotation  
  Gauge Length of Specimen 
 ̇  
 
  
 ̇  
Rate of Rotation   ̇ Effective Shear Strain Rate 
 ̇ Speed of Rotation 
          Effective Radius (Solid Tubular Geometry)    Effective Radius 
  Specimen Radius 
     √    Shear Stress Conversion –Von Mises   ̅ Effective Strain per Pass 
   Effective Shear Strain  
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CHAPTER 2 : EXPERIMENTAL PROCEDURES 
2.1 Introduction 
In order to examine the effect of wire processing steps on microstructural evolution and hardness 
of microalloyed high carbon steels, hot rolling and patenting schedules were developed based on 
industrial conditions. Continuous cooling experiments were used to understand the effect of cooling rate 
on phase transformations after hot rolling, and wire patenting was simulated by isothermally holding 
samples in a range of industrial patenting temperatures. The effects of heat treatments on microstructural 
evolution were first examined without deformation, and then torsion testing was conducted as a way of 
reproducing deformation experienced by wire rods during hot rolling.   
2.2 Materials 
Several different types of materials were used during this study: a reference 1080 steel containing 
no microalloying elements, several steels with compositions designed to promote microalloying effects, 
industrially processed wire rod, and drawn wire.  
2.2.1 Preparation of Materials 
Eight different materials were used in this study with compositions shown in Table 2.1 below. 
The reference material was a 1080 steel, hot rolled in a hand fed mill, and centerless ground to a diameter 
of 5.5 mm as described elsewhere [De Moor, 2011]. Four microalloyed materials were designed based on 
the literature review and input from industrial sponsors: V, V+N, and V+Nb, and V+Al [Glodowski, 
2011, Jansto, 2011, Van Raemdonck, 2011]. Microalloying considerations with alloy design will be 
discussed later. These were provided by ArcelorMittal in the form of laboratory heat castings, with 
dimensions shown in Figure 2.1 (a) and (b). The 1080V material was vanadium microalloyed, 12.7 mm 
(0.5 in) diameter hot rolled rod produced by Evraz Rocky Mountain Steel. Bekaert provided plain  
Table 2.1 – Compositions of Experimental Test Alloys (wt pct) 
 
 C Mn Si Ni Cr Ti Nb V Al N S P 
1080 0.80 0.48 0.25 - 0.20 0.001 - - 0.004 0.004
2 
0.004 0.004 





























DW 0.83 0.56 0.16 0.02 0.04 - - - 0.001 0.003
0 
0.008 0.008 











Figure 2.1 A lab heat casting schematic is shown in (a) and (b). Two sections were removed for 
analysis, at 1.9 cm (0.75 in) from the top of the casting and at 1.3 cm (0.5 in) from the 
bottom of the casting. One side of each slab was macroetched, and samples for carbon 
analysis were drilled from the reverse side of each slab at positions indicated by the 
circled numbers in part (c). Dimensions within brackets are in cm for (a) and (b), mm for 





Top of Casting 
Bottom of Casting 
28 
 
carbon (DW) and vanadium microalloyed (DWV) cold drawn wire for study, each with a diameter of 5.2 
mm. Both of the drawn wires (DW and DWV) were sectioned and tested in the as-received condition.  
The lab heat castings (V, V+N, V+Nb, and V+Al) were first assessed for carbon segregation. Two 
sections, one 12.7 mm (0.50 in) from the bottom of the casting and one 19.1 mm (0.75 in) from the top, 
were sectioned from each lab heat casting as shown in Figure 2.1 (b). Each of the sections was deep 
etched to observe the macrostructure and tested for carbon content periodically along horizontal and 
transverse cross sections as shown in Figure 2.1 (c). Macroetching was done by a 20 min immersion in a 


















































Figure 2.2 Carbon segregation data for as-cast alloys in the horizontal and transverse directions, 
in reference to Figure 2.1 (c). The horizontal direction is presented in the left column 
and transverse on the right. Solid symbols correspond to samples taken from the 
bottom of the casting, and open points from the top. Reported compositions are 
marked by dashed lines. Materials are as follows: V (a) and (b), V+N (c) and (d), 
V+Nb (e) and (f), and V+Al (g) and (h).  
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Figure 2.2 continued from previous page. 
 (a) 
Figure 2.3 Machining of samples from the hot rolled microalloyed steel plates. Samples for 
continuous cooling and isothermal transformation studies: (a) sample blank sectioning 














Figure 2.4 Machining of samples from the hot rolled microalloyed steel plates. Torsion (a) sample 
blank sectioning and (b) engineering drawing. Gauge section was 20 mm long with a 10 
mm diameter. 
 
 Figure 2.5 Engineering drawing of subsized torsion samples machined from the industrially hot 







clear acrylic to prevent oxidation and characterized using a stereoscope at each position along the 
horizontal and transverse axes. Samples for carbon analysis were obtained by drilling holes at positions 
indicated in Figure 2.1 (c). Chips were collected for each position, ultrasonically cleaned, dried, and 
tested for carbon content using a Leco CS400 carbon-sulphur determinator. Repeated measurements were 
taken from the same position when sufficient material was available; otherwise another hole was drilled 
into the mating side of the casting.  
Based on data presented in Figure 2.2, specific regions of the castings were selected to minimize carbon 
variation such that the composition was within ±0.02 wt pct C of the nominal value of 0.80 wt pct. 
Castings were sectioned accordingly, and then hot rolled at CSM to break up the cast structure. Hot 
rolling consisted of a reheating ramp to 1200 °C of over approximately 2 hr, a 20 min soak, a 6-pass 
deformation schedule with one 15 min reheat after the third reduction, straightening, and air cooling. 
Approximately 20 pct reduction per pass was achieved, and the overall reduction ratio was 3:1. After 
rolling, the plates were straightened with a hand press and allowed to air cool to room temperature. For 
continuous cooling and isothermal transformation studies, round samples 5.5 mm (0.22 in) in diameter 
and 72 mm (2.8 in) long were machined from the hot rolled plates according to Figure 2.3 (a) and (b). 
Thirty samples were machined per alloy. Torsion samples were machined according to the schematic and 
engineering drawing in Figure 2.4 (a) and (b). Ten samples per alloy were machined. 
The 12.7 mm (0.5 in) diameter industrially hot rolled, vanadium microalloyed steel (1080V) was 
sectioned into approximately 178 mm (7 in) lengths which were mechanically straightened and machined 
into ten subsized torsion specimens with geometry shown in Figure 2.5. Subsized samples were used as 
the wire rod diameter was smaller than the maximum outer diameter of 14 mm for the full size torsion 
samples.  
2.3 Continuous Cooling Experiments 
Continuous cooling transformation (CCT) diagrams were constructed for the 1080, V, V+N,  and 
V+Nb alloys from dilation versus temperature data for round samples 5.5 mm in diameter and 72 mm in 
length. The reheating temperature was the same as a typical industrial reheat temperature during 
processing of the industrial rod, namely 1093 °C (~2000 °F). Stelmor® forced air cooling for rod mill 
products follows a thermal profile as presented in Figure 2.6 (a), with a linear cooling region followed by 
isothermal hold during pearlite transformation. Continuous cooling rates were chosen in a range from 
1-50 °C/s in order to incorporate linear cooling rates across a typical range of industrial rod diameters, 
shown in Figure 2.6 (b). The first thermal profile for testing involved heating from room temperature at 
20 °C/s to an austenitizing temperature of 1093 °C and holding at that temperature for 5 min, followed by 
continuous cooling at different rates to room temperature, shown in Figure 2.7 (a).  The other two profiles 
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include the same 5 min hold at 1093 °C, but added cooling at 20 °C/s to either 950 °C or 880 °C and 
holding for 3 min before controlled cooling, shown in Figure 2.7 (b). Thus, samples were austenitized 
then continuously cooled from 1093 °C, 950 °C, or 880 °C. 
A Gleeble® 3500 system was used to conduct the heat treatments by resistive heating in high 
vacuum (< 10
-3
 torr) with a low force grip setup. Samples were cleaned with ethanol and k-type 
thermocouple wires were spot welded to the center of the samples at a voltage of 33 V. Ceramic sheathing 
was used to protect the bare ends of the wire that were affixed to the sample. During the test, a Mitutoyo 
LSM-506S laser dilatometer centered over the thermocouple wires was used to measure dilation as shown 




Figure 2.6 Stelmor® cooling (a) thermal profile showing isothermal transformation hold and (b) 
variation of rate with hot rolled rod diameter over a temperature range of 920-650 °C 
using 90,571 cfm fans operating at 100 pct [Ferrous Wire Handbook, 2008]. 















1093 °C for 5 min
1, 2.5, 5, 7.5, 10, 12.5, 
25, 50 °C/s to RT
 















1, 2.5, 5, 7.5, 10, 12.5, 
25, 50 °C/s to RT
1093 °C for 5 min
950, 880 °C for 5 min
 
(a) (b) 
Figure 2.7 Continuous cooling thermal profile schematics without intermediate holding (a) and with 




Figure 2.8 Top view schematic of laser dilatometer placement over thermocouple welds.  
testing the same sample, guaranteeing the same laser alignment and uniformity of the heating zone. 
Transformation temperatures such as pearlite start (Ps) and pearlite finish (Pf) were determined 
from the cooling curves shown representatively in Figure 2.9 (a). The type of transformation was 
identified by the temperature range, i.e. around 650 °C for the start of the pearlite transformation, and by 
metallography. Proeutectoid ferrite, though observed in microstructures, was too low of a vol pct to be 
observed on the transformation curves. Thermal expansion was assumed to be linear in a region 
surrounding the transformation point, and fit lines were manually constructed over a range of 
approximately 100 °C surrounding the phase change. The transformation temperature was defined as the 
point at which the slope of the data began to consistently deviate from that of the linear fit, as shown in 
Figure 2.9 (b). The precision of identification of transition temperatures was found to be within ± 5 °C. 
Error bars reported for all plots represent the standard error of the data sets. 
Microstructural analysis was performed for samples continuously cooled at industrially relevant 
rates of 2.5-12.5 °C/s. Samples were sectioned at the thermocouple wires, mounted in bakelite and 
metallographically prepared by grinding and polishing with diamond suspension down to1 μm. Vickers  





































Figure 2.9 Representative laser dilatometry cooling curve showing the deviation from linearity 




Figure 2.10 Position of Vickers hardness indents and SEM reference mark along a bisecting line at 
one quarter of the sample diameter.  
hardness testing was conducted according to ASTM E-92 along a bisecting line at one quarter of the 
sample diameter, and nine measurements were taken per sample with an indent separation of 0.318 mm 
(0.0125 in) as shown in Figure 2.10. Following hardness testing, a 6 sec etch of 4 pct Picral was applied 
to the polished surfaces and a single hardness indent was used as reference mark for scanning electron 
microscopy.  
A JEOL 7000E Field Emission Scanning Electron Microscope (FESEM) was used for 
microstructural characterization, including qualitative identification of constituent phases, and 
measurement of pearlite colony size and pearlite interlamellar spacing (ILS). A colony was defined as a 
region with parallel oriented cementite lamellae. Pearlite colony size was measured using a circular 
intercept method according to ASTM E-112, at an original magnification of 5000x as shown in 
Figure 2.11 (a). Reported values for each sample represent an average of nine measurements taken from 
four different fields of view at positions shown in Figure 2.10. Interlamellar spacing was also measured 
using the circular intercept method as a way of approximating true interlamellar spacing, at an original 
  
(a) (b) 





magnification of 10000x as shown in Figure 2.11 (b) [Vander Voort, 1984]. Reported values represent an 
average of nine measurements per image taken from four different fields of view at a position shown in 
Figure 2.10. Approximate count numbers per reported average were ~200 for colony size, and ~1000 for 
ILS. Error bars reported for all plots represent the standard error of the data sets. 
2.4 Patenting Simulation 
Isothermal hold testing was used to simulate a patenting step during wire processing. This was 
performed using the same setup as for continuous cooling with 5.5 mm (0.22 in) diameter samples, but 
without the laser dilatometer. The heat treatment involved  heating at 20 °C/s to an austenitizing 
temperature (1093 °C or 950 °C), holding for 30 sec, then cooling at 50 °C/s to an isothermal hold 
temperature of 575, 600, 625, or 650 °C for 15 sec, and finally cooling at 20 °C/s to room temperature as 
shown in Figure 2.12. An austenitizing temperature of 950 °C was based on the upper range of industrial  
  
Figure 2.12 Thermal profile simulating a patenting operation involving a 20 °C/s ramp to an 
austenitizing temperature, a 30 sec hold at that austenitizing temperature  (1093 °C or 
950 °C), a 50 °C/s cool to the isothermal transformation temperature, followed by a 
15 sec hold at an isothermal transformation temperature (575, 600, 625, and 650 °C). 
patenting temperatures to promote microalloy carbide dissolution during soaking [Van Raemdonck, 
2011]. The 1093 °C reheat, though well above industrial patenting temperatures, was added to more 
effectively dissolve microalloy precipitates. A few materials were also tested with an 880 °C reheat, 
though this was not in the original experimental design. Samples were sectioned and metallographically 
prepared in the same manner used for continuously cooled specimens. Vickers hardness testing, FESEM 
imaging, and data analysis including ILS and colony size measurements were completed according to 
procedures described earlier. 















1093, 950 °C for 30 sec
575, 600, 625, 650 °C for 15 sec
20 °C/s to RT
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2.5 Torsional Testing to Simulate Industrial Hot Rolling 
The as-received microstructure for the industrially hot rolled 1080V was characterized in the 
longitudinal and transverse directions by FESEM microscopy and Vickers hardness testing. Average 
pearlite colony size and interlamellar spacing (ILS) were determined using methods described earlier, at a 
position of one quarter of the rod diameter. Then, a temperature-deformation schedule was developed and 
applied to simulate conditions during rod mill hot rolling. The development of this schedule followed the 
method used by Lee outlined in Section 1.3.9. Torsion samples were run according to this schedule and 
characterized after testing. 
2.5.1 Application of Torsion Schedule Development Method 
The first part of schedule development included translating quantitative mill data into parameters 
that could be applied to a torsion test.  A schematic of the rod mill where the 1080V industrially hot rolled 
material was processed is provided in Figure 2.13, incorporating a 20 min soak at 1093 °C, controlled 
cooling (descaler), four sets of deformation passes (4 breakdown, 6 roughing, 2 intermediate, 6 finishing, 
and 4 V-block), water cooling, Stelmor® cooling, and air cooling to room temperature. Mill temperatures, 
time between stands, and distance between stands were obtained for this mill [Eavenson, 2011]. Cooling 
rates between deformation passes were calculated by dividing the reported temperature distance by 





















20 °C/s to 570 °C
Finishing
Water Cooling, 
50 °C/s to 910 °C
V-Block
Air Cool to RT
Descaler
 
Figure 2.13 Schematic of hot rolling mill used as a basis for the torsion deformation schedule.  
For the deformation steps, raw data were provided as bar diameter after each pass except in the 
breakdown mill and V-block. In those cases, an overall reduction was assumed to be evenly distributed 
across the four passes. Calculations for strain and strain rates are explained in Section 1.3.9. Since 
specific information on the oval passes was not available, all passes were assumed to be round. 
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Equivalent rectangular dimensions were obtained by equating the area of the rod to the area of a square, 
then calculating the length of its sides. The assumption of a square workpiece instead of a rectangle led to 
the simplification of the strain component equations to those provided in Equation 2.1. Strain per pass,  ̅ , 
was calculated from these components as described in Section 1.3.9. 
 




        
(2.1) 
Calculation of deformation time for each pass (  ), needed to calculate strain rate per pass ( ̇ ), 
required terms for rotational roller speed (  ), and effective roller radius (    ) and contact length ( ). 
Rotational roller speed (  ) was determined by taking the incoming linear speed of the wire rod and 
converting it to angular speed. Effective roller radius and contact length both required roller radius 
measurements, and ranges were provided by Evraz Rocky Mountain Steel [Eavenson, 2011]. The mean of 
the ranges provided was used for maximum roller radius (    ) in all cases, shown in Table 2.2. Roll gap 
( ) was assumed to be 90 pct of the outgoing rod dimension. Effective roll radius (    ) was defined as 
the difference between the maximum roller radius and the roll gap.  
Calculation of torsion parameters (rotation angle,  , and speed of rotation,  ̇, followed the 
method presented in Section 1.3.9, requiring only the diameter (a) and gauge length (l) of the torsion 
sample, i.e.  a = 5.0 mm and l = 20.0 mm for full sized samples and a = 3.6 mm and l = 14.4 mm for 
subsized samples. An estimated forced water cooling rate of 50 °C/s was based on a modeling study of 
water cooling for a plain carbon steel rod (0.67 wt pct C, diameter of 16.8 mm) from a temperature of 
890 °C [Nobari, 2011]. Stelmor® deck cooling rates vary with rod diameter, and the Ferrous Wire 
Handbook reports cooling rates of high carbon PC-Strand at 7.8 °C/s for 14.2 mm diameter and 22.2 °C/s 
for 5.5 mm diameter for the temperature range of 920-650 °C [2008]. For comparison with continuous 
cooling samples, samples were cooled at 5, 10, and 25 °C/s after deformation starting at a temperature of 
950 °C. Calculated torsion schedule parameters for full sized torsion samples are summarized in Table 
Table 2.2  – Average Roller Radii [Eavenson, 2011] 
Stand Passes Roller Radii (cm) 
Breakdown All 34.01 
Roughing  1-4 23.18 
 3-4 20.71 
 5-6 18.46 
Intermediate All 18.46 
Finishing  All 15.60 




2.3. Total calculated true strain was 5.5, or 8.4 full rotations of the sample, with a total run time of around 
5.5 min, not including the 10 min soak prior to deformation.  
2.5.2 Torsion Testing  
Several elements of the calculated torsion schedule shown in Table 2.3 were altered during actual 
testing. A 10 min soak was used to minimize the amount of time required for each experiment. 
Breakdowns in the model were observed in the deformation time, as the 0.001 s V-block passes were 
beyond the timing control of the Gleeble® 3500 system. To account for this, the finishing and V-block 
stands were grouped into single deformation steps, i.e. a “finishing pass” and a “V-block pass” as 
opposed to individual passes as presented in Table 2.4. Also, Stelmor® deck cooling involves an 
isothermal hold around the pearlite transformation temperature as shown in Figure 2.6 (a), whereas 
continuous cooling rates of 5, 10, and 25 °C/s were used in the Gleeble® experiments. Continuous 
cooling was employed as the detection capability of the pyrometer was limited to 650 °C (1202 °F), and 
pyrometer temperature control could not be achieved below this temperature. Thermocouples could not be 
used because deformation steps caused the welds to break in preliminary tests. Heating rates up to 650 °C 
were controlled using a constant power input, and a power angle schedule could be devised to 
approximate an isothermal hold with more development testing.  Finally, the schedule was designed to 
impart a strain of around 5, the full degree of strain that would be experienced by the rod during hot 
rolling. However, the actual strain in the full sized torsion samples was approximately 1.6, much less than 
intended due to an erroneous input during torsion parameter conversion. Although strain levels are lower 
than would occur in a mill, the torsion test data presented are still useful for comparison of transformation 
behavior among the microalloyed steels.  
Tests were performed in the torsion module of a Gleeble® 3500 thermomechanical simulator at 
high vacuum (<10
-3
 torr). Temperature was measured by a Process Sensors Corporation Metis MQ11 dual 
frequency optical pyrometer above 650 °C, as it measures visible spectrum light that is not emitted below 
that temperature. A constant power input was used for heating, and the samples were cooled at controlled 
rates after the final deformation steps, determined by the linear fit of the cooling rate between 900 and 
650 °C with an accuracy of ± 1°C/s. To achieve specific cooling rates, compressed helium gas was used 
to quench the sample. Cooling rates below 950 °C were verified by running trials without deformation 
and collecting temperature data from k-type thermocouples during quenching in order to cover 
temperatures outside the pyrometer detection range.  
Qualification testing was performed on subsized 1080V samples to ensure heating rates, cooling 
rates, and deformation parameters were within the capabilities of the instrument. After a sample was 
successfully run, it was sectioned through the center of the gauge section and metallographically
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Table 2.3 – Calculated Gleeble® 3500 Torsion Testing Schedule 
 
Mill Section Pass 
























20 min 28502            
   





8.3 23942 0.174 18.084 97.4 1.3 680.25 0.3 139.3 541.0 0.010 0.266 0.88 
BH 
 
8.3 19382 0.211 80.103 102.2 0.3 680.25 0.1 125.3 554.9 0.003 0.322 0.24 
CV 
 
8.3 14821 0.268 51.052 108.5 0.5 680.25 0.1 109.6 570.7 0.005 0.409 0.48 
DH 
 
8.3 10261 0.368 53.538 117.5 0.5 680.25 0.1 91.2 589.1 0.007 0.560 0.63 
    
105.0 





3.2 6651 0.434 48.269 94.6 0.4 457.20 0.2 73.4 383.8 0.009 0.660 0.82 
R2 
 
3.2 4880 0.310 16.112 72.8 1.0 457.20 0.3 62.9 394.3 0.019 0.471 1.76 
R3 
 
3.2 3535 0.322 14.326 65.4 1.0 414.35 0.4 53.5 360.8 0.022 0.491 2.06 
R4 
 
3.2 2605 0.305 12.634 58.9 1.0 414.35 0.4 45.9 368.4 0.024 0.465 2.21 
R5 
 
3.2 1807 0.366 11.910 56.0 1.0 369.11 0.4 38.3 330.9 0.031 0.557 2.81 
R6 
 
3.2 1441 0.226 8.594 40.9 1.0 369.11 0.4 34.2 335.0 0.026 0.345 2.41 
    
9.7 





0.5 1037 0.329 3.660 46.0 2.6 369.11 1.1 29.0 340.1 0.090 0.501 8.22 
I2 
 
0.5 863 0.184 2.546 32.2 2.6 369.11 1.1 26.4 342.7 0.072 0.280 6.60 
    
4.1 





0.4 654 0.277 1.720 34.4 4.1 311.96 2.1 23.0 289.0 0.161 0.422 14.73 
I4 
 
0.4 546 0.180 1.184 26.1 4.5 311.96 2.3 21.0 290.9 0.152 0.273 13.86 
I5 
 
0.4 439 0.218 0.670 27.4 8.2 311.96 4.2 18.9 293.1 0.325 0.332 29.70 
I6 
 
0.4 379 0.148 0.526 21.6 8.2 311.96 4.2 17.5 294.4 0.282 0.226 25.80 
I7 
 
0.4 313 0.192 0.570 23.5 8.2 311.96 4.2 15.9 296.0 0.336 0.292 30.73 
I8 
 
0.4 272 0.140 0.465 19.3 8.2 311.96 4.2 14.8 297.1 0.301 0.213 27.47 
   
10 10.0 





0.2 233 0.153 0.043 16.2 75.0 216.69 55.1 13.7 202.9 3.518 0.233 321.44 
V2 
 
0.2 195 0.180 0.045 16.9 75.0 216.69 55.1 12.6 204.1 4.007 0.275 366.19 
V3 
 
0.2 156 0.220 0.047 17.7 75.0 216.69 55.1 11.3 205.4 4.684 0.335 428.01 
V4 954 
 
0.2 118 0.283 0.050 18.9 75.0 216.69 55.1 9.8 206.9 5.691 0.431 520.06 
Water Cool  910 50 6.8               




prepared. The microstructural features of the test specimen, hardness, pearlite ILS, and pearlite colony 
size were compared to the as-received condition. After characterizing the results of qualification tests, full 
sized torsion samples of V, V+N, and V+Nb were tested. For each material, full sized samples were 
deformed according to the torsion variables in Table 2.4, and then cooled from 950 °C at three different 
rates: 5, 10, and 25 °C. Microstructural features, hardness, pearlite ILS, and pearlite colony size were 
assessed for each sample.  
 











Furnace   1093   10 min     




  0.1 0.1 0.8 
BH   0.6 0.1 0.2 
CV   0.4 0.2 0.4 
DH   0.4 0.2 0.6 
  
 




  0.4 0.3 0.7 
R2   0.1 0.2 1.5 
R3   0.1 0.2 1.7 
R4   0.1 0.2 1.9 
R5   0.1 0.2 2.3 
R6   0.1 0.1 2.1 




  0.0 0.2 7.0 
I2   0.0 0.1 5.7 





0.1 0.7 21.5 
I4   
I5   
I6   
I7   
I8   





0.1 0.5 420.6 
V2   
V3   
V4 954   
Water Cool   950 140 0.3     




CHAPTER 3 : RESULTS 
3.1 Continuous Cooling Experiments 
This section presents findings from continuously cooled samples of the 1080, V, V+N, and V+Nb 
steels. Continuous cooling curves were constructed, and measurements of pearlite interlamellar spacing 
(ILS), colony size, and Vickers hardness are presented. 
3.1.1 Continuous Cooling Transformation (CCT) Curves 
Continuous cooling experiments were conducted while measuring dilation for the V, V+N, and 
V+Nb steels for the cooling conditions shown in Figure 3.1, including controlled cooling from 1093 °C, 
950 °C, or 880 °C. Sample dilation versus temperature was plotted, and transformation temperatures were 
identified as those at which deviation from linearity of the dilation signal was detected, shown in Figure 
2.9 (b). Continuous cooling transformation curves were constructed for each intermediate hold 
temperature and material by plotting transformation temperatures as a function of time. Each point on the 
plots represents an average of two sets of transformation temperatures.  















1093 °C for 5 min
1, 2.5, 5, 7.5, 10, 12.5, 
25, 50 °C/s to RT
 















1, 2.5, 5, 7.5, 10, 12.5, 
25, 50 °C/s to RT
1093 °C for 5 min
950, 880 °C for 5 min
 
(a) (b) 
Figure 3.1 Continuous cooling thermal profile schematics (a) without intermediate holding and (b) 
with intermediate holding at 950 °C and 880 °C. 
An example of a full CCT curve is shown in Figure 3.2 for the 1080 steel, containing data 
generated after cooling at eight different rates from 1093, 950, and 880 °C. This plot shows little effect of 
intermediate hold temperature on observed transformation temperatures. Phase transformation of 
eutectoid steel around 650 °C is attributed to pearlite, which is denoted by “P” in the figure. At a critical 
cooling rate, other transformation products were observed via metallography.  
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In addition to dilation analysis, an FESEM investigation was conducted for all samples to identify 
microstructural constituents. Differentiating between pearlite and bainite in a mixed microstructure can be 
difficult, while martensite is much more obvious. To incorporate metallographic observations into cooling 
curve data, the point at which non-pearlitic constituents were first observed in the microstructure was 
marked in each CCT curve by a line connecting the transformation start and finish curves. At slower 
cooling rates, pearlitic microstructures were observed whereas pearlite and bainite (P+B) constituents 
were observed at cooling rates corresponding to the left hand side of the lines. At low temperatures, very 
pronounced dilation around 250 °C marked the martensitic transformation, as denoted by “M” on the 



















Figure 3.2          CCT data for 1080 samples heat treated according to the schematics presented in Figure 
3.1. Metallographic observations were used to identify constituent regions: “P” indicating 
fully pearlitic, “P+B” for mixed pearlitic and bainitic, and “M” for martensitic. A line 
was added between start and finish transformation lines where non-pearlitic constituents 
were first observed in the microstructure. 
CCT curves comparing hold temperature effects on transformation behavior are represented in 
Figure 3.3 for (a) V, (b) V+N, and (c) V+Nb steels. In order to better observe pearlite transformation 
trends, martensite transformation points were excluded from these figures, but full CCT curves for every 
condition are presented in Appendix A. For all three microalloyed steels, as well as the 1080 steel, there 
was little effect of intermediate hold temperature on transformation temperature. The exception would be 
the V and V+N steels at low cooling rates, where 880 °C had slightly lower transformation temperatures. 
The V+Nb data showed more scatter in transformation temperatures than the other steels. The next set of 
curves in Figure 3.4 shows alloying effects on transformation compared to 1080. A dashed line represents 
the 1080 transformation data, and a solid line was used to highlight data for the microalloyed steels. 










show data for samples held at 950 °C, and Figure 3.4 (g) to Figure 3.4 (i) show data for samples held at 
880 °C. For the V steel, transformation temperatures were similar to or slightly below those of 1080. For 
the V+N steel, transformation temperatures were consistently higher than for 1080. The V+Nb steel, 
despite more scatter in the data, had transformation temperatures consistently below those of 1080. And 
in this case, the non-pearlitic transformation line appeared at significantly lower cooling rates than 1080, 
suggesting greater hardenability. 
Another way to examine the CCT data is to compare the microalloyed steels directly. As they 
were processed in the same manner and have almost identical compositions, the data should allow 
comparison of only N and Nb effects. The CCT curves presented in Figure 3.5 (a) to Figure 3.5 (f) 
compare two different alloys for intermediate hold temperatures of 1093 °C, 950 °C, and 880 °C, 
respectively. Iso-cooling rate lines are included on these plots. As shown in Figure 3.5 (a) to Figure 
3.5 (c), additional N shifted the CCT curves to higher temperatures for all intermediate hold temperatures. 
The addition of Nb as shown in Figure 3.5 (d) caused a downward shift of the transformation curves for 
samples continuously cooled from 1093 °C without intermediate holding. A shift to higher temperatures 
was observed in the transformation finish curve for intermediate holding at 950 °C shown in Figure 3.5 
(e), but the transformation start temperatures virtually overlapped for both alloys. The lowest intermediate 
hold temperature presented in Figure 3.5 (f) does not show a clear trend, with comparable transformation 
temperatures obtained for the lowest cooling rate and identification of further trends prevented by scatter.   
3.1.2 Microstructural Features 
Metallography was conducted to identify microstructural constituents present after transformation. Figure 
3.6 shows FESEM images of 1080 steel samples cooled from 1093 °C. Cooling at rate of 2.5 °C/s 
produced a fully pearlitic structure, or one not containing any martensite or bainite as shown in at Figure 
3.6 (a) low magnification and Figure 3.6 (b) high magnification. Slow cooling rates produced lamellar 
pearlite in all alloys, and as cooling rate increased so did the propensity for formation of other 
transformation products such as bainite and martensite. Figure 3.6 (c) and Figure 3.6 (d) show a single 
area from a sample cooled at 12.5 °C/s, fast enough to produce other transformation products as observed 
at low magnification and high magnification. Identification of bainite in a pearlitic structure was difficult, 
as the bainite morphology observed in these alloys was sometimes similar to pearlite. Bainite was 
distinguished by the acicular morphology, which appeared to be in packets containing parallel plates, and 
by the difference in scale between pearlite ILS and bainitic cementite spacing. Martensite was easily 
identified as a non-etching constituent with a Picral etch, and the cooling rate at which bainite or 

























































































































Figure 3.4         Comparison of microalloyed to 1080 steel transformation temperatures. For continuous cooling from 1093 °C (a) to (c), 950 °C (a) 





























































































































































































































Figure 3.5         Transformation temperatures of microalloyed steels cooled from different intermediate hold temperatures. Parts (a), (b) and (c) 
show N effects by comparing V and V+N and parts (d), (e), and (f) show Nb effects by comparing V and V+Nb. Dashed lines 





















After the 1093 °C hold, martensite transformation was observed at a cooling rate of 10 °C/s 
or higher for the 1080, V, and V+N steels, with the V+Nb steel showing initial transformation at 
7.5 °C/s. For cooling from 950 °C and 880 °C, the V steel remained similar to the 1080 steel as far as 
the onset of martensite transformation. However, for the V+N steel, martensite was not observed until 
cooling rates reached 12.5 °C/s, suggesting reduced hardenability. The V+Nb alloy maintained 
greater hardenability than the 1080 steel regardless of hold temperature. Low magnification FESEM 
images of every condition are provided in Appendix B.  
The alloying effect on hardenability can also be qualitatively observed based on the relative 
volume fraction of martensite at a single hold temperature and cooling rate. Figure 3.7 shows low 
magnification FESEM images of samples continuously cooled at 12.5 °C from 1093 °C for the (a) 
1080, (b) V, (c) V+N, and (d) V+Nb steels. The V+Nb steel showed the most martensite, followed by 
1080, V, and finally V+N steel. Hold temperature also affected transformation behavior. Figure 3.8 
shows representative images comparing hold temperatures for the V steel cooled at 12.5 °C from 
1093 °C, (b) 950 °C, and (c) 880 °C. Lower hold temperature correlated to less bainite and martensite 
present for all the steels.  
Qualitative microscopic observations included a small amount of proeutectoid ferrite present 
in almost every alloy and cooling condition, presumably following prior austenite grain boundaries as 
shown representatively in Figure 3.9 (a). Continuous cementite networks were observed at higher 
cooling rates as shown in Figure 3.9 (b). In addition, a change in pearlite morphology was observed, 
from continuous pearlite to a discontinuous structure as shown in Figure 3.9 (c). Images showing 
microscopic morphology changes with hold temperature and cooling rate are also included in 
Appendix B. 
3.1.3 Vickers Hardness Data 
Large hardness increases at high cooling rates were correlated to the presence of martensite, 
as shown in full hardness data included in Appendix C. Figure 3.10 summarizes the effects of alloy 
content and processing history on room temperature microhardness measurements for the samples 
exhibiting fully pearlitic microstructures. In general, all three microalloyed steels show greater 
hardness with increased cooling rate. Figure 3.10 (a) to Figure 3.10 (c) show intermediate hold 
temperature effects for V, V+N, and V+Nb steels, respectively. Lower intermediate hold temperature 
corresponded to greater hardness. Figure 3.10 (a) shows an exception noted for the V steel cooled 
from 880 °C, specifically a large drop in hardness and a cooling rate of 5 °C/s, then a rapid increase at 
7.5 °C/s. V+N hardness data presented in Figure 3.10 (b) showed a rapid increase in hardness at 








Figure 3.6 Representative images at of (a), (b) fully pearlitic and (c), (d) mixed microstructure. 
Images are taken from 1080 cooled from 1093 °C, at a rate of 2.5 °C/s for the images 
(a) and (c) and 12.5 °C/s for (c) and (d).  
  
(a) (b) 
Figure 3.7         Low magnification FESEM taken from samples continuously cooled from 1093 °C at 






















Figure 3.8          Macroscopic FESEM images showing hold temperature effects on transformation. 
Representative images from V samples continuously cooled from at 12.5 °C/s from 










Figure 3.9 Representative images of microscopic observations for the V+N steel: (a) grain 
boundary ferrite, sample continuously cooled from 880 °C at 5 °C/s (b) continuous 
cementite networks, sample continuously cooled from 1093 °C at 12.5 °C/s (c) very 
fine discontinuous pearlite structure, sample continuously cooled from 950 °C at 
10 °C/s.  
steel in Figure 3.10 (c) to note any trends due to formation of bainite and martensite at lower cooling 
rates.  
Figure 3.10 (d) to Figure 3.10 (f) show alloying effects for intermediate hold temperatures of 
1093 °C, 950 °C, and 880 °C, respectively. All three of the microalloyed steels exhibited hardness 
values similar to or lower than that of 1080 for samples continuously cooled at 1093 °C, as shown in 
Figure 3.10 (d). The one exception was V+Nb cooled at 2.5 °C/s, which showed greater hardness. 
Figure 3.10 (e) compares data for a 950 °C intermediate hold, all three microalloyed steels had a 
greater hardness than 1080, except the V+N steel cooled at 2.5 °C/s. For the 880 °C intermediate 
hold, only one datum was shown in Figure 3.10 (f) for 1080 because degenerate pearlite was formed 





were observed when cooling at 7.5 °C/s and faster. Of the microalloyed steels, the V+Nb steel had the 
highest hardness at the two slowest cooling rates, and the V+N steel showed the highest hardness for 
the two fastest cooling rates. The rapid increase in hardness for V+N occurred at 7.5 °C/s, and a 
similar hardness increase was observed at 7.5 °C/s for the V steel. 
3.1.4 Quantitative Metallography 
Quantitative metallography included pearlite colony size and pearlite ILS measurements. 
Figure 3.11 shows the effect of cooling rate on average pearlite colony size, with error bars 
representing the standard error of the data set. Colony size generally decreased with faster cooling 
rates. Hold temperature effects are presented in Figure 3.11 (a) to Figure 3.11 (c), for V steel, V+N 
steel, and V+Nb steel, respectively. Holding temperature trends were not consistent between 
materials. Higher hold temperature correlated to smaller colony sizes for the V steel, Figure 3.11 (a), 
but the V+N steel showed exactly the opposite, Figure 3.11 (b). The V+Nb steel showed very little 
variation with hold temperature, though only the slowest cooling rates produced fully pearlitic 
structures as shown in Figure 3.11 (c). Figure 3.11 (d) to Figure 3.11 (f) compare the effects of 
alloying for samples cooled from 1093 °C, 950 °C, and 880 °C, respectively. The V steel had smaller 
colony sizes than the V+N and V+Nb alloys for the samples cooled from 1093 °C as shown in Figure 
3.11 (d), but the highest colony sizes were measured for the V steel for the data obtained following 
950 °C and 880 °C holding, (Figure 3.11 (e) and (f)). The V+N and V+Nb steels had comparable 
values except for the lowest cooling rate at the 880 °C intermediate hold, where V+Nb had 
significantly more refined colonies.  
Figure 3.12 shows the effect of cooling rate on pearlite ILS. In general, ILS decreased with 
increased cooling rate. Hold temperature effects are presented in Figure 3.12 (a) to Figure 3.12 (c), 
for V steel, V+N steel, and V+Nb steel, respectively. No clear trend with hold temperature was 
observed for the V steel, shown in Figure 3.12 (a). The transition from 2.5 °C/s to 5 °C/s was marked 
by an increase in ILS after intermediate holds at 950 °C and 880 °C, contrary to the trend of 
decreasing ILS with more rapid cooling. Hold temperature had no effect on ILS at a cooling rate of 
5 °C/s, but the magnitude of the subsequent decrease in ILS with higher cooling rate increased with 
higher intermediate hold temperature. The 1093 °C sample showed the largest drop in ILS when 
cooling rate was increased from 5-7.5 °C/s. ILS data for the V+N steel presented in Figure 3.12 (b) 
showed that the highest hold temperature consistently had the lowest ILS measurements. ILS 
measurements increased during the transition from 5 to 7.5 °C/s for those samples held at 950 °C and 
880 °C. Too few data points were available for the V+Nb steel to draw any conclusions, as shown in 
Figure 3.12 (c). However, a 950 °C intermediate hold produced the most ILS refinement.  
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V, 880 °C 
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V+N, 880 °C 
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V+Nb, 1093 °C 
(d)
 
















V+Nb, 950 °C 
(e)
 
















V+Nb, 880 °C 
(f)
 
Figure 3.10       Effect of hold temperature and alloying on Vickers Hardness measurements for the continuously cooled samples. Hardness data 
for microstructures containing martensite were omitted. 
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Figure 3.12 (d) to Figure 3.12 (f) compare the effects of alloying for samples cooled from 
1093 °C, 950 °C, and 880 °C, respectively. Differences were apparent among alloys, with V+Nb 
having the smallest ILS measurements for all cooling rates and intermediate hold temperatures. 
Figure 3.12 (d) shows that at the highest hold temperature, the V+N steel has more refined ILS at 
slow cooling rates (2.5 and 5 °C/s) than the V steel, but ILS was more comparable at faster cooling 
rates. However, with the 950 °C and 880 °C intermediate hold, the V steel shows greater ILS 
refinement than V+N with the exception of a 5 °C/s cooling rate, where the role is reversed, shown in  
Figure 3.12 (e) and (f). ILS measurements obtained following an 880 °C intermediate hold show a 
large refinement in the V steel at 2.5 °C/s, with V+N at 5 °C/s albeit to a lesser extent, and 
overlapping values at greater cooling rates.  
3.2 Patenting Simulations 
Patenting simulations were conducted according to the heat treatment schematic in Figure 
3.13. Though not intended in the original design of the patenting simulation, an austenitizing 
temperature of 880 °C was also tested for V+N and V+Nb, and data for this temperature are included 
in the results. Microstructural evolution and hardness were examined after patenting simulations for 
the plain carbon steel (1080), laboratory prepared microalloyed steels (V, V+N, V+Nb, and V+Al), 
and both drawn wires (DW and DWV). 
  
Figure 3.13 Thermal profile simulating a patenting operation involving a 20 °C/s heating to an 
austenitizing temperature at 1093 °C or 950 °C, 30 sec hold at an austenitizing 
temperature, a 50 °C/s cool to an isothermal transformation temperature of 575, 600, 625, 
or 650 °C, a 15 sec hold, and 20 °C/s cooling to room temperature.  















1093, 950 °C for 30 sec
575, 600, 625, 650 °C for 15 sec
20 °C/s to RT
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3.2.1 Microstructural Features 
For each condition, microstructural constituents were identified as pearlite, bainite, or 
martensite as shown representatively in Figure 3.14. Martensite was only identified in V and V+Nb 
cooled from 1093 °C and isothermally transformed at 575 °C. The lowest transformation temperature 
with a fully pearlitic structure was identified for each patenting condition, and is presented in Table 
3.1. The 1080 wire was comparable to the V, V+N and V+Nb steels when austentized at 1093 °C, but 
with holding at 950 °C, incomplete pearlite transformation produced martensite at a higher 
transformation temperature than for the three microalloyed steels. Figure 3.15 (a) to Figure 3.15 (f) 
show low magnification FESEM images of proeuctoid ferrite for 1080, V, V+N, V+Nb, and V+Al, 
respectively. A difference in proeutectoid ferrite occurrence was noted, with a significantly greater 
frequency in the V+Nb steel as shown in. The proeutectoid ferrite also gave some indication of prior 
austenite grain size, which was significantly more refined for V+Nb, as shown in Figure 3.15 (d). 
Also, uniquely distinct microstructures were observed for V and V+Nb steels austenitized at a low 
temperature (880 °C) and isothermally transformed at intermediate temperatures (625 or 600 °C) 
shown in Figure 3.16. Lamellar structures were observed in two different length scales, with no 
consistent orientation between them. Possible explanations are incomplete dissolution of pearlite 
during austenitizing, or perhaps an interphase microalloy precipitation type mechanism. Further work 
would be required to fully understand these microstructures.   




Austenitizing Temperature (°C) 
1093 950 
1080 600 650 
V 600 600 
V+N 600 600 
V+Nb 600 600 
V+Al 625 625 
3.2.2 Vickers Hardness Testing 
Figure 3.17 shows hardness data variation with different isothermal hold temperatures. The 
effect of intermediate hold temperature is presented in Figure 3.17 (a) to Figure 3.17 (d) for V, V+N, 
V+Nb, and V+Al steels, respectively. For every material, higher austenitizing temperatures correlated 
to higher hardness measurements. Alloying effects are observed in Figure 3.17 (e) and Figure 3.17 (f) 
for samples held at 1093 °C and 950 °C, respectively. Samples held at 1093 °C showed increased 
hardness compared to 1080, shown in Figure 3.17 (e). However, at the lower austenitizing 








Figure 3.14 Representative image of microscopic observations of 1080: (a) continuous pearlite, 
sample cooled from 950 °C and held at 650 °C, (b) mixed bainite and pearlite, sample 
cooled from 950 °C and held at 575 °C. (c) bainite and martensite, sample cooled 
from 1093 °C and held at 650 °C.  
3.2.3 Quantitative Metallography 
The V, V+N, and V+Al steels showed smaller colonies at lower austenitizing temperatures, as shown 
in Figure 3.18 (a), (b) and (d) respectively. For the V+N steel, the difference in colony size with 
austenitizing temperature was very small. Data for V+Nb was very inconsistent, as shown Figure 3.18 
(c), with a sharp increase in colony size measurement for the sample austenitized at 1093 °C and 
isothermally transformed at 625 °C. Alloying effects are compared in Figure 3.18 (e) for an 
austenitizing temperature of 1093 °C. The V and V+N steels were consistent and showed the lowest 
colony sizes, followed by the V+Nb then V+Al steels with the exception of the large increase in the 
V+Nb data. At 950 °C, the V and V+Al steels exhibited comparable colony size, consistently slightly 

















Figure 3.15 Representative FESEM images of proeutectoid ferrite, denoted by arrows, for samples 
cooled from 950 °C with isothermal transformation at 625°C: (a) 1080, (b) V, (c) 








Figure 3.16 Microstructure observed in V and V+Nb steels austenitized at low temperature 
(880 °C) and isothermally transformed at intermediate temperatures (625 or 600 °C).  
Lower ILS measurements were obtained with higher austenitizing temperature for every 
material as shown in Figure 3.19 (a)-(d), with two exceptions: the V+N steel isothermally 
transformed at 650 °C and the V+Nb steel transformed at 625 °C. Considering alloying effects for 
samples austenitized at 1093 °C, V and V+N had comparable ILS measurements for all isothermal 
transformation temperatures, the lowest among the microalloyed steels at 600, and 625 °C. At 575 °C, 
the V+Nb steel was slightly lower than the V and V+N, at 600 °C it was comparable, but at 625 °C a 
large increase was observed, followed by a sharp decrease at 650 °C. The increase in ILS was 
consistent with the large colony size measurement increase noted earlier. The V+Al steel had larger 
ILS measurements than V and V+N. ILS measurements for samples austenitized at 950 °C are 
presented in Figure 3.19 (f). The V steel had the lowest ILS measurements at all transformation 
temperatures, followed by V+N and V+Al. A jump in ILS occurred for V+N transformed at 950 °C. 
V+Nb was difficult to take ILS measurements for at this isothermal holding temperature, due to a 
discontinuous pearlite structure similar to the microstructure shown in Figure 3.16.  
3.2.4 Drawn Wire Patenting Simulation 
The patenting simulation was also performed on drawn wire samples provided by Bekaert, 
one plain carbon (DW) and one with V microalloying additions (DWV) with as-received hardness of 
425 ± 2 HV/1kgf and 490 ± 6 HV/1kgf, respectively. A patenting simulation was performed on both 
materials, and hardness results are plotted in Figure 3.20. Intermediate hold temperature effects are 
presented in Figure 3.20 (a) and Figure 3.20 (b) for DW and DWV, respectively. Figure 3.20 (a) 
shows that for DW, lower austenitizing temperatures correlated to lower hardness at for low 
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Figure 3.17         Effect of hold temperature and alloying on Vickers hardness measurements for patenting simulation samples. 
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V+Al, 950 °C (d)
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Figure 3.18         Effect of hold temperature and alloying on pearlite colony size for patenting simulation samples. 
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temperatures (625 and 650 °C). A sharp increase in hardness at isothermal hold temperatures below 600 
°C was apparent, correlating well to literature data [Mottishaw and Smith, 1983]. 
Figure 3.20 (b) shows a linear relationship between hardness and isothermal transformation 
temperature for the DWV wire, with almost no effect of austenitizing temperatures. Alloying effects are 
presented in Figure 3.20 (c) and Figure 3.20 (d) for samples cooled from 1000 °C and 950 °C, 
respectively. DWV had consistently lower hardness values than DW for all patenting conditions. It is 
interesting to note that this is in contrast to the as-received condition where the DWV had a hardness 
measurement 65 HV greater than that of DW.  
Figure 3.20       Effect of austenitizing temperature on hardness for (a) DW and (b) DWV, and 
alloying effect on hardness for samples austenitized at (a) 950 °C and (b) 1000 °C.  
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3.3 Torsion Testing 
Vickers hardness, pearlite ILS, and pearlite colony size measurements were used to compare the 
structure and properties of industrially hot rolled 1080V to a torsion tested sample of 1080V. Samples of 
V, V+N, and V+Nb were also torsion tested and characterized with results presented in this section.    
3.3.1 Comparison of Industrial and Torsion Tested Material 
Subsized torsion samples of industrially hot rolled 1080V were torsion tested. Obtained 
temperature profile and torque/twist data are shown in Figure 3.21. A comparison of the resulting 
microstructure is provided in Figure 3.22. Similar propensity of grain boundary ferrite was observed, as 
well as a continuous pearlitic structure.  









































Figure 3.21 Subsized torsion test data for 1080V, (a) thermal profile as measured by optical 













Figure 3.22       Comparison of 1080V rod microstructures at different magnifications in two conditions: 





Colony size was determined to be 1.9 ± 0.1 μm for the as-received material compared to 2.7 ± 0.2 
μm after torsion testing.  ILS of the as-received industrial product was 357 ± 18 nm compared to 151± 6 
nm after torsion testing. Vickers hardness for the as-received hot rolled rod was 330 ± 14 HV/1kgf, 
compared to 393 ± 8 HV/1kgf for the subsized torsion sample after torsion testing.    
 Full sized torsion samples were tested for the V, V+N, and V+Nb steels. The different sample 
geometry required switching of the sample grips, recalibration of the optical pyrometer, and 
determination of the correct helium flow rate to achieve the correct cooling rates after deformation. 
Experimental variables developed to mimic industrial processing conditions are discussed in 
Section 1.3.9, and actual test variables used for the torsion simulation are provided in Table 2.4. 





3.3.2 Microstructural Features 
The microstructures after torsion deformation were all pearlitic with the exception of isolated 
martensite observed in the V+N and V+Nb steels cooled at 25 °C/s. The effect of cooling rate on 
microstructure is shown representatively in Figure 3.23 for V steel samples cooled at (a) 5 °C/s, (b) 
10 °C/s, and (c) 25 °C/s. Pearlite refinement was observed with faster cooling rate. Figure 3.24 shows the 
effect of alloying on torsion sample microstructures for samples cooled at 25 °C/s, for the (a) V, (b) V+N, 
and (c) V+Nb steels. There was little effect of alloying on observed pearlite morphology. 
3.3.3 Vickers Hardness  
Figure 3.25 shows the effect of cooling rate and alloying on Vickers hardness measurements for 
torsion samples. The V and V+Nb samples showed similar hardness, higher than the hardness obtained 





 Figure 3.23       Effect of cooling rate on torsion sample microstructures for V steel, (a) 5 °C/s, (b) 









 Figure 3.24       Effect of alloying on torsion sample microstructures for samples cooled at 25 °C/s, (a) V, 






















3.3.4 Quantitative Metallography 
Pearlite colony size generally decreased as cooling rate increased, with V+Nb having the smallest 
colonies. The V and V+N steels showed similar colony sizes at slow cooling rates, however at 25 °C/s the 
V+N steel exhibited a larger colony size measurement as shown in Figure 3.26 (a). Pearlite ILS data 
presented in Figure 3.26 (b) did not show consistent trends, with a large gap in ILS between V and V+N 
at 5 °C/s. Similar values were obtained for the two higher cooling rates. V+Nb had a lower ILS than V 
and V+N at the two higher cooling rates, but had a higher ILS than V at 5 °C/s. 




























































Figure 3.26        Effect of hold temperature and alloying on (a) pearlite colony size measurements and 




CHAPTER 4 : DISCUSSION 
4.1 Microalloyed Steel Alloy Design 
Several alloys were designed with the goal of maximizing strength by microalloying additions, 
taking into consideration solubility and alloying level as well as thermomechanical processing. Solubility 
governs precipitate dissolution or coarsening during heat treatments, and the tendency of V to remain in 
solid solution in austenite can lead to a dispersion of small, finely distributed precipitates after 
thermomechanical processing steps, ideal for precipitation strengthening. For wire rod hot rolling, the 
most beneficial scenario for precipitation strengthening is likely precipitation of V during cooling steps, 
either during or after the pearlite reaction. With respect to wire patenting and hot dip galvanizing, both 
processing steps typically involve short reheat soak times, on the order of seconds. To maximize 
precipitation strengthening during these processes, it is reasonable to assume that precipitation dissolution 
during soaking and fine precipitation in the lead or zinc bath heat treating step is desired over insufficient 
precipitate dissolution and coarsening. Nitrogen additions in V microalloyed steels have been shown to 
increase strength by promoting V(C,N) precipitation, as well as remove free N that may cause 
embrittlement or aging effects [Glodowski, 2000, Zajac, 1998, 2001]. Nb has significantly lower 
solubility in austenite, and may not be as effective at precipitation strengthening. A small amount may be 
observed from Nb that is soluble in austenite, and other potential effects include retardation of austenite 
grain growth both in solid solution and in precipitate form. Literature data for Nb effects in high carbon 
alloys are limited, and will be discussed in this study. 
Alloy compositions were proposed in Table 2.1. Carbon levels around 0.8 wt pct were chosen to 
maximize volume percent of cementite, while avoiding grain boundary cementite observed in 
hypereutectoid steels [Han, 2001]. Two V-microalloyed alloys were proposed, one with a typical N 
content for an industrial as-cast EAF material (~60 ppm) and one with additional N (~120 ppm). Weight 
percentages of V were chosen to be in excess of the stoichiometric V:N ratio of 4:1 to achieve maximum 
precipitation while tying up free N [Glodowski, 2011]. Nb levels were chosen based on the maximum 
amount that could be dissolved in austenite [Jansto, 2011]. Manganese, silicon, and chromium levels were 
also added to maximize their contributions to mechanical properties, and for consistency with studies on 
similar alloys as reviewed in Section 1.3.6 and 1.3.7 [Han, 2001, Korchinsky, 1988].   
4.2 Continuous Cooling 
In this section, effects of continuous cooling experimental parameters on transformation 
temperatures, microstructural features, and hardness are summarized. Precipitation contributions to 
hardness are also discussed.   
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4.2.1 Experimental Design 
The parameters chosen for the continuous cooling tests were based on industrial processing 
temperatures as well as solubility calculations for the microalloy precipitates. The conditions were 
designed to provide insight into microstructural evolution during cooling from the initial hot rolling soak 
temperature, and from a range of laying head temperatures. The austenitization temperature was chosen at 
1093 °C (~2000 °F) in accordance with industrial reheat temperatures for wire rod [Eavenson, 2011]. The 
intermediate hold temperature of 880 °C (1612 °F) was provided as the laying head temperature of the 
industrial wire rod [Eavenson, 2011]. The second intermediate hold temperature was selected to be 950 
°C, at the upper end of the range of industrial wire rod laying head temperatures [Ferrous Wire 
Handbook, 2008]. Laying head temperature determines the thickness of the oxide scale on the as-rolled 
product, which relates to the ease of descaling with a subsequent mechanical or chemical process.  
Microalloying element solubility was examined at these temperatures, and Table 4.1 lists 
solubility equations used to create solubility curves for microalloy carbides and nitrides as presented in 
Figure 4.1 for temperatures of 880, 950 °C, and 1093 °C when applicable. The curves  are derived from 
the solubility products of the reaction [M]+[X]→MX, so to the left side and below the isothermal line the 
species are in solution in austenite, and to the right side and above the line the precipitate reaction is 
thermodynamically favorable [Gladman, 1997]. For each of the three microalloyed steels, VN, VC, and 
NbN remain dissolved at 950 °C, but should be insoluble at 880 °C as shown in Figure 4.1 (a), (b) and (c), 
respectively. In the case of VC and NbC, solubility equations from two different sources were plotted. 
The only microalloy precipitates to remain undissolved at the reheat temperature of 1093 °C are NbC as 
shown in Figure 4.1 (d).  
Table 4.1 – Microalloy Solubility Relationships [Narita, 1975, Turkdogan, 1989, Gladman, 1997] 
Compound Solubility Equation (in Autenite) Source Method 
VC -9500/T + 6.72 Narita, 1975 Gaseous Equilibrium 
VC0.75 -6560/T + 4.45 Turkdogan, 1989 Thermodynamic Calculation 
VN -8330/T + 3.46 Irvine, 1967 Precipitate Extraction 
NbC -7900/T +3.42 
 
Narita, 1975 Gaseous Equilibrium 
NbC0.87 -6770/T + 1.03 Turkdogan, 1989 Thermodynamic Calculation 
NbN -8500/T + 2.80 Narita, 1975 Gaseous Equilibrium 
The continuous cooling thermal profile was designed to start with a 5 min austenitization at 1093 
°C (~2000 °F), with all microalloy elements in solution except potentially NbC. One condition involved 
continuous cooling directly following the austenitizing step, and according to solubility considerations, all 
microalloying elements should be in solution if effective dissolution of precipitates was obtained during 
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reheating, and precipitates should form during cooling. An intermediate hold at 880 °C after 
austenitization was chosen to represent cooling from the laying head temperature, and it should be 
thermodynamically favorable for precipitates to form prior to cooling. A hold at 950 °C after 
austenitization was chosen to represent cooling from a maximum laying head temperature, right on the 
onset of precipitation. Different intermediate hold temperatures could also show the difference in 
precipitation effects between the V steel and V steel with N additions, potentially helping to verify the 
theory proposed by Han et al. [1995, 2001]. 












































































880°C, 950°C, 1093°C 
 (c) (d) 
Figure 4.1 Solubility curves in austenite for (a) VN, (b) VC/VC0.75, (c) NbN, and (d) NbC/NbC0.87 
precipitates [Narita, 1975, Turkdogan, 1989, Gladman, 1997]. 
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4.2.2 Hold Temperature and Alloying Effect on Pearlite Transformation 
Intermediate hold temperature had little effect on pearlite transformation temperatures for each 
material, as shown in the data presented in Figure 3.3. The exceptions were the V and V+N steels cooled 
from 880 °C, which showed lower transformation start temperatures when cooled at the lowest cooling 
rate of 1 °C/s. Although solubility calculations predict different conditions, data show that the difference 
in precipitate fraction, size and morphology resulting from direct cooling from 1093 °C versus holding at 
an intermediate temperature after austenitization did not affect transformation behavior. It should also be 
noted that the dilatometric signal likely did not detect proeutectoid ferrite formation and direct 
verification of Han’s theory by dilatometry was hence challenging.  
Examining the differences in transformation temperatures among the different alloys, the V steel CCT 
curves were consistent with 1080 at low cooling rates for all isothermal hold temperatures, but were 
slightly below the 1080 steel curves at high cooling rates, as shown in Figure 3.4. Dissolved V has been 
found to have little effect on transformation temperatures, but a slight reduction has been observed at 
higher cooling rates [De Ardo, 2009]. Experimental results are in agreement with these observations. 
Comparing the microalloyed steels directly provides a better assessment of N and Nb effects in V 
microalloyed steels, as the materials were similarly processed and almost identical in composition. CCT 
plots are shown in Figure 3.5 and are reproduced in Figure 4.2 to highlight some observed trends. Figure 
4.2 (a) compares CCT data for the V and V+N steels, indicating N additions accelerated pearlite 
transformation and reduced hardenability, in agreement with pearlite transformation shift observed by 
Brownrigg and Prior for V-N eutectoid steels containing 0.075 wt pct V and 110 ppm N [2002]. This shift 
in CCT curves, noted with respect to V, may be consistent with the theory proposed by Han, Smith, and 
Edmonds shown schematically in Figure 1.8: fine V(C,N) precipitates forming at the austenite grain 
boundaries, promoting ferrite nucleation, accelerating the pearlite transformation, and reducing 
hardenability [1995, 2001]. It should be noted that for the V+N steel, fine V(C,N) precipitates formed on 
austenite grain boundaries during cooling from 1093 °C may be as effective at accelerating pearlite 
transformation as larger precipitates formed during isothermal hold conditions. Therefore no observation 
of transformation effects by dilatometry with isothermal hold conditions does not disprove the theory that 
V(C,N) precipitates accelerate pearlite transformation. Grain boundary ferrite was observed in the 
microstructures of all the steels as well as 1080, but appeared to be more prevalent in the microalloyed 
steels.  
Niobium in solid solution has been shown to decrease austenite grain boundary mobility by solute 
drag and decrease transformation temperatures (Figure 1.12) [De Ardo, 2009]. Another well-known effect 










































Figure 4.2        Microalloy effects on transformation temperatures of (a) N continuously cooled from 
950 °C and (b) Nb continuously cooled from 1093 °C. 
accelerate transformation. Figure 3.4 (c) and Figure 4.2 (b) show the V+Nb steel exhibited a marked 
delay in pearlite transformation compared to the 1080 and V steels, respectively, in samples cooled from 
1093 °C. The effect seems not as predominant in the CCT data in Figure 3.4 and Figure 3.5 for 950 °C 
and 880 °C intermediate holds. Observed behavior for samples cooled from 1093 °C was consistent with 
Nb in solution and did not reflect austenite grain size refinement effects. Solubility calculations predict 
that NbC precipitates should remain undissolved upon reheating to 1093 °C, but the mixed character 
Nb(C,N)s should have lower solubility than the pure compounds. Given that some Nb could be present in 
solution at 1093 °C, less Nb would be in solution at lower intermediate hold temperatures. This is 
consistent with observed behavior: a larger downward CCT shift observed upon cooling from 1093 °C 
compared to the lower intermediate hold temperatures. It should also be noted that more martensite was 
apparent in micrographs for the V+Nb steel obtained after continuous cooling even at low austenitizing 
temperatures when overlapping CCT diagrams were obtained, as shown in Figure 3.7 and Appendix B, 
Figure B.3. This may suggest that Nb affects pearlite transformation kinetics. It is likely reasonable to 
assume that a cooperatively growing ferrite/cementite interface may be slowed by a solute drag type 
mechanism and perhaps pearlite in the V+Nb steel is less well developed than in the V steel given the 
same cooling rate.  
4.2.3 Precipitation Contribution to Hardness 
With faster cooling, refinement of pearlite colony size and ILS was observed for all alloys, as 





increase in Vickers hardness with faster cooling rates, which correlates to ILS as the primary contributor 
to strength according to the strengthening model presented in Section 1.3.3. At intermediate hold 
temperatures of 950 °C and 880 °C, the V and V+N steels showed increased hardness values above the 
level of the 1080 steel values which cannot be attributed to ILS refinement. No significant ILS reduction 
was associated with these hardness increases, rather increased ILS was observed with decreasing 
intermediate holding temperature for V+N, which may be related to accelerated pearlite transformation. 
According to solubility calculations shown in Figure 4.1 (a) and Figure 4.1 (b), a 1093 °C hold should be 
sufficient to dissolve VC and VN precipitates if equilibrium is attained. At 950 °C, some precipitation of 
V should occur, and 880 °C is well below solubility limits for both VC and VN. Improved hardness with 
V and V+N additions was observed only at intermediate hold temperatures where precipitation was 
predicted during the isothermal hold. However, precipitates formed in austenite are likely larger than 
those formed during or after pearlite transformation, so precipitation during the isothermal holds was 
perhaps not optimal for strengthening. Only a limited amount of data were available for the V+Nb steel, 
though hardness values equal or greater than those of the other microalloyed steels were obtained at low 
cooling rates. Greater hardness corresponded to smaller ILS, and was consistent with a delay in pearlite 
transformation observed in the CCT diagrams.  
The increase of tensile strength by V additions in eutectoid steels has been reported as 1.4-1.6 ksi 
(9.6-11.0 MPa) per 0.01 wt pct V in the presence of N, which equates to a hardness increase of 24-28 HV 
for the experimental microalloyed steels, using the conversion in Equation 1.11 [Korchynsky, 1988]. In 
trying to isolate other strength contributions from precipitation, a calculation of volume fraction of 
microalloy precipitates was performed using Equation 1.8. Results are summarized in Table 4.2, given 
that the weight percent of V was 0.079 for the V and V+N steels, and the weight percent of Nb was 0.010 
for V+Nb steel.  
Table 4.2 – Conversion of wt pct Microalloying Element to vol pct of Microalloy Carbide  
[Gladman, 1997] 
 





 Max Vol. 
Fraction, f 
VC 0.4152 V=51  C=12 5.85 1.66 0.0013 
VN 0.4118 V=51  N=14 6.18 1.63 0.0014 
NbC 0.4462 Nb=93  C=12 7.85 1.13 0.0001 
NbN 0.4387 Nb=93, N=14 8.42 1.08 0.0001 
The effect of precipitate size on yield strength was assessed by using the volume fractions from 
Table 4.2 in the expression for yield stress in Equation 1.7.  Figure 4.3 shows the results of these 
calculations with the assumption that            and           . Based on the alloy 
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compositions, Nb(C,N) particles would have less contribution to strength even with 5 nm precipitates, 
whereas V can provide significant strengthening even with larger particle sizes. The      [MPa] values 
were equated to ΔHV [1kgf] using Equation 1.11 , and the calculated maximum increase in hardness with 
equilibrium 5 nm precipitation was ~84 HV for V(C,N), and ~45 HV for Nb(C,N). These values can be 
compared to measured hardness values for the experimentally microalloyed steels. 
 
Figure 4.3        Variation of yield strength increase with volume fraction of precipitates at different 
particle diameters. The vertical iso-fraction lines were calculated based on total weight 
percentages of microalloying elements in experimental alloys. Lighter line weight 
represents an extrapolation to the y-intercept.    
A number of strengthening models have been proposed to quantify precipitation strengthening for 
eutectoid steels. Taleff [1996] correlated microstructural features directly to yield strength, and Jorge-
Badiola [2010] incorporated cooling rates and prior austenite grain size into predictive equations based on 
alloy chemistry. Calculations were performed using the Taleff method incorporating measurements of 
colony size and ILS for each test condition according to Equation 1.1. The ΔσSS term was assumed to be 
170 MPa from linear regression analysis of steel in a similar composition range, specifically 0.78-0.89 wt 
pct C, 0.88-1.56 wt pct Mn, 0.25-0.10 wt pct Si [2002]. Yield strength values were converted to Vickers 
hardness measurements using Equation 1.2. The difference between the observed and predicted hardness 
values was attributed to effects of the microalloying elements, including precipitation strengthening.  
Figure 4.4 shows the results of the Taleff analysis for all experimental data, with a fit line 
representing the case where measured hardness equal predicted values using a modified term for solid 
solution contributions developed from 1080 experimental data. It should be noted that the steels used to 
derive Equation 1.1 were not microalloyed, and it is reasonable to assume that deviation from the values 
predicted in the equation may reflect contributions from precipitation strengthening. Data for a plain 




















should be noted that the measured hardness values are significantly larger than calculated hardness values 
for all alloys, including 1080. However, the 1080 linear fit line follows the 1:1 line slope, therefore the 
translation can be attributed to an inaccurate prediction of solid solution contributions in the σSS term. 
When considering only the difference between 1080 and the microalloyed steels, there is a significant 
increase in hardness in the microalloyed case, ΔHVv.  
































Figure 4.4        Comparison of measured hardness values to those predicted by Equation 1.1 using all 
experimental measurements of pearlite colony size and ILS [Taleff, 1996]. Included on 
the plot are reference data from Mendizabal [2005] for a 0.83 wt pct C, 0.78 wt pct 
Mn, 0.21 wt pct Cr steel.  
Figure 4.5 shows experimental data from samples cooled from 950 °C. Maximum precipitation 
indications were observed for the V+N steel, with a maximum value of ΔHVv ≈ 50 as indicated by the 
arrow on the plot. A peak in ΔHVv implies a range of microstructural feature sizes where precipitation 
strengthening was most beneficial. According to precipitation fraction calculations, converted to HV 
using Equation 1.2, precipitation of V(C,N)s can contribute a maximum of 84 HV. The difference 
between observed ΔHVv and calculated maximum precipitation strengthening is due to non-ideal 
precipitation conditions. Vanadium may have precipitated in austenite or remained in solid solution in 
ferrite or cementite, reducing the volume fraction available for precipitation strengthening [Mottishaw 
and Smith, 1983]. 
The method for prediction of hardness values used by Jorge-Badiola [2010] and Mendizabal 
[2005] was also applied for comparison. Tensile strength values were calculated for each alloy and 
cooling rates used based on Equations 1.3 and 1.4. These equations take into account the effects of 
cooling rate and austenite grain size on tensile strength, but not microalloying effects. Based on low 
magnification FESEM observations, austenite grain size was estimated to be ~150 μm as determined 
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Figure 4.5        Comparison of measured hardness values to those predicted by Equation 1.1 using 
experimental measurements of pearlite colony size and ILS from samples cooled at 
950 °C [Taleff, 1996]. Included on the plot are reference data from Mendizabal [2005] 
for a 0.83 wt pct C, 0.78 wt pct Mn, 0.3 wt pct Cr steel. 
































Figure 4.6        Comparison between experimental and predicted hardness values based on alloy 
chemistry, cooling rates, and prior austenite grain size, not accounting for 
microalloying effects. Included on the plot are reference data from Mendizabal [2005] 
for a 0.83 wt pct C, 0.78 wt pct Mn, 0.3 wt pct Cr steel. 
 
from measured average distances between proeutectoid ferrite regions for samples cooled at 2.5 °C/s. All 
experimental results, along with those reported by Mendizabal are plotted in Figure 4.6. Mendizabal 
attributed the difference between calculated hardness and observed hardness to V effects of precipitation 
strengthening and ILS refinement [2005]. Calculations with this model significantly underestimate the 
strength of the 1080 steel.  
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Modified ftreat terms were calculated to account for V and N precipitation and cooling rate as 
presented in Equations 1.5 and 1.6. The experimental data from the V and V+N steels used in this study 
correlate well with predicted results for other V-N steels, but not for V+Nb and 1080 steels, as shown in 
Figure 4.7. The higher hardness values for V+Nb may be attributed to Nb strengthening effects. It should 
be noted that this model is based on an empirical fit of experimental data based primarily on alloy 
chemistry, whereas the Taleff approach uses measured microstructural features such as pearlite ILS and 
colony size, and may be a more accurate approach to help understand strengthening in pearlitic steels.     
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Figure 4.7        Comparison between experimental and predicted hardness values accounting for 
microalloying effects (V and N contents) and cooling rates [Rodriguez-Ibabe, 2010]. 
4.3 Continuous Cooling with Deformation  
A hot torsion schedule was constructed, with parameters listed in Table 2.3, to simulate a 
thermomechanical profile experienced in a rod mill shown in Figure 2.13. This schedule allowed for 
examination of pearlite transformation behavior with deformation. Non-recrystallization temperatures 
(TNR) were calculated for each of the laboratory cast steels using Equation 4.1.  
              (          √  )  (        √ ) 
                    
(4.1) 
The Boratto equation predicts a TNR of ~1165 °C for all of the laboratory cast alloys as presented in Table 
4.3, though it should be noted that this is an empirical relation developed for plate steels with carbon 
contents up to 0.17 wt pct (Equation 4.1) [Borrato, 1988]. According to the calculations, wire rod hot 
rolling begins with deformation steps above TNR, where recrystallization of the austenite will occur, but 
final deformation steps are below TNR. Austenite conditioning effects, like those observed for HSLA 
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steels, could lead to grain refinement and mechanical property improvements in microalloyed high carbon 
steels.  
Table 4.3 – TNR Values Calculated for Microalloyed Steels According to Equation 4.1 





For an assessment of the calculated schedule, true strain was compared for the overall rod 
reduction and the torsion schedule. True strain for a 7.5 in diameter bar reduced to 0.5 in was calculated 
to be 5.42 using a true strain expression as shown in Equation 4.2 [Dieter, 1988]. True strain for the 
torsion schedule was determined to be 5.48 by the sum of strains per pass from the torsion schedule. The 
correlation of these values is an indication of the validity of the calculated schedule presented in Table 
2.3. 
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Industrially hot rolled 1080V was used to test the hot torsion schedule, with the idea that 
replicating rod mill thermomechanical processing would produce the same microstructure and hardness 
observed in the as-received product. Qualification testing of subsized torsion samples showed differences 
in microstructural features after torsion testing as described in Section 3.3.1. Slightly larger colony size, 
significantly smaller ILS, and significantly higher Vickers hardness were noted in the torsion tested 
sample. The ILS refinement in the torsion samples is most likely due to continuous cooling, which 
represents a more rapid cooling condition, allowing for less diffusion than Stelmor® isothermal 
transformation applied to the industrial product shown in Figure 2.6. 
Figure 4.8 (a) shows observations made by Rodriguez-Ibabe and Lopez with regard to the effects 
of deformation on pearlite transformation, indicating that austenite conditioning increases transformation 
temperatures [2011]. Deformed austenite grains transform at higher temperatures, and the lower degree of 
ΔT undercooling leads to larger ILS and lower strength compared to smaller recrystallized grains. Figure 
4.8 (b) shows schematically differences in microstructure-property correlations in low carbon and 
eutectoid steels. Continuously cooled samples showed much greater hardness values without deformation, 
as shown in Figure 4.9 where hardness data for the two conditions are plotted on the same axes. The 
correlation of deformation to lower hardness is consistent with lower transformation temperatures for 






Figure 4.8        (a) Effect of austenite conditioning on pearlite transformation and (b) differences 
in structure/property relationships for low and high carbon steels [Rodriguez-Ibabe 




































Figure 4.9        Effect of cooling rate and alloy on hardness for (a) torsion tested samples and (b) 
samples continuously cooled without deformation.  
 
in the undeformed samples had the lowest hardness with deformation.    
Microstructural measurements of the torsion samples shown in Figure 3.26 indicate that the V 
and V+N steels had similar ILS except at 5 °C/s, where the V+N steel had significantly higher values. 
Hardness increase did not correlate to decrease in ILS, as the V+N steel had lower hardness at every 
cooling rate. The lower hardness could be due to the acceleration of pearlite transformation with N 
addition. The V+Nb steel had similar hardness and ILS to the V steel, with the exception of the lowest 
cooling rate of 5 °C/s, where the V+Nb steel had a lower ILS.  
81 
 
4.4 Patenting Simulation 
A patenting simulation was performed on samples of 1080, V, V+N, V+Nb, and V+Al as well as 
the drawn wire steels, DW and DWV. Effects of the patenting simulation variables on microstructural 
features and hardness are discussed in this section.  
4.4.1 Hold Temperature and Alloying Effects 
All microalloyed steels showed greater hardness values than the 1080 steel when austenitized at 
1093 °C. However, when the microalloyed steels were austenitized at 950 °C, the hardness values of all 
the steels were similar. This may indicate that a significant volume fraction of microalloy precipitates 
were not dissolving during the 30 sec hold at the lower austenitizing temperature.  
The V+Nb and V+Al alloys showed linear increases of hardness with lower transformation 
temperature, as expected by ILS refinement from greater undercooling as shown in Figure 3.17. However, 
the V and V+N alloys showed a distinct maximum hardness at 600 °C, below which hardness dropped 
sharply due to the formation of banitic constitutents as shown in Figure 4.10 in agreement with 
observations by Mottishaw and Smith [1983].  
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Figure 4.10        (a) The arrow indicates a hardness maximum observed for V and V+N steels with 
isothermal transformation at 600 °C, due to (b) banitic constituents, as observed in 
the V steel cooled from 950 °C and isothermally transformed at 575 °C 
For fully pearlitic structures, the V steel had the highest hardness values of the microalloyed 
steels, above those of 1080 when cooled from 1093 °C and comparable to 1080 when cooled from 950 
°C. It is of interest to note that this is opposite to the hardness of the continuously cooled samples from 
950 °C where the V+N steels exhibited greatest hardness as shown in Figure 3.10. The greater hardness 




context of Figure 4.4. The higher solubility of VN compared to VC as presented in Figure 4.1 may have 
allowed more V to dissolve during the short hold time, thus more fine precipitates, effective for 
strengthening, could have formed during the subsequent pearlitic transformation. Precipitation 
strengthening may be less potent for patenting as the short austenitization times may be insufficient to 
fully dissolve pre-existing precipitates. The importance of precipitate dissolution appears to be reflected 
by the effect of austenitization temperatures, i.e. higher austenitization leading to greater hardness in all 
alloys, and the discussed behavior in the V versus V+N steels.  
At the higher austenitizing temperature, the V+Nb steel had comparable hardness to the V steel. 
This may be because Nb tied up free N prior to V precipitation, thus all V precipitates would be VC. 
Given the low austenite solubility of AlN, it is unlikely that dissolution of AlN is obtained in patenting 
and the behavior of this alloy should hence reflect strengthening contributions of VCs only, as all N 
should exist as AlN. It may hence be reasonable to anticipate the greatest strength increase in this alloy 
after patenting. However, the V+Al steel was observed to have coarser microstructural features and lower 
hardness than the other microalloyed steels, perhaps related to its lower C content of 0.77 wt pct C versus 
0.80 wt pct for the other microalloyed steels.  
Comparing two industrially drawn wires subjected to patenting simulation, DWV was found to 
have lower hardness than DW for all conditions as shown in Figure 3.20. It is expected that 
austenitization times (30 sec) or temperatures (1000 and 950 °C) used in this study were not sufficient to 




CHAPTER 5 : CONCLUSIONS 
In order to investigate the effect of V, Nb, and N additions on the strength of eutectoid steels, lab 
castings were produced and hot rolled. Continuous cooling experiments were conducted from industrial 
austenitizing and laying head temperatures with and without deformation, and industrial wire patenting 
was simulated with isothermal transformation testing. Metallography, Vickers hardness, pearlite colony 
size and pearlite ILS measurements were used to examine the effects of these treatments. Conclusions 
from this study are as follows:  
 CCT curves were constructed for four steels: 1080 V, V+N, V+Nb. In the V-microalloyed steel, 
additional N accelerated pearlite transformation and Nb additions delayed pearlite transformation. 
N effects are in agreement with the theory proposed by Han et al.[1995] that V(C,N) precipitation 
promotes grain boundary ferrite nucleation, and decreased hardenability observations for V+N are 
consistent with observations by Brownrigg and Prior [2002]. The delay in pearlite transformation 
with Nb is consistent with observations of Nb in solution made by De Ardo [2009], and the 
decrease in the delay with lower austenitization temperature suggests that Nb precipitates have 
less of a delaying effect.  
 A model that predicts hardness of eutectoid steels by incorporating colony size and ILS 
measurements was used to investigate the degree of precipitation strengthening. V strengthening 
effects were observed in all microalloyed steels and maximum strengthening was observed for the 
V+N steel.  
 A hot torsion schedule was developed to simulate thermomechanical processing experienced in 
an industrial rod mill. Deformed samples showed much lower hardness values, probably due to 
austenite conditioning effects. The V+Nb steel was found to have the greatest refinement of 
colony size and ILS among the test alloys, and subsequently higher hardness. V had comparable 
hardness despite larger microstructural features, most likely due to precipitation strengthening 
effects. V+N had significantly lower hardness than the other two microalloyed steels in the 
deformed condition. 
 Patenting simulations performed on microalloyed steels showed the potential for increased 
strength with V addition with a sufficiently high austenitizing temperature.  All microalloyed 
steels showed higher hardness than 1080 when austenitized at 1093 °C, with V and V+Nb having 
the greatest strength increase. The effect was not observed with a 950 °C reheat potentially 
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 APPENDIX A: CCT CURVES 
This appendix contains CCT curves for 1080, V, V+N, and V+Nb steels. Figure A.1 shows single 
condition CCT curves for the 1080 and V steels, and Figure A.2 shows single condition CCT curves for 
the V+N and V+Nb steels. Figure A.3 shows all the transformation data for the microalloyed steels at 








































































 Figure A.1         Single condition CCT curves for 1080 and V. (a) 1080, 1093 °C, (b) 1080, 950 °C, (c) 1080, 880 °C and (c) V, 1093 °C, (d) V, 






















































































































Figure A.2         Single condition CCT curves for V+N and V+Nb. (a) V+N, 1093 °C, (b) V+N, 950 °C, (c) V+N, 880 °C and (c) V+Nb, 1093 °C, 




















































































Figure A.3         CCT curves containing martensitic transitions. For (a) V, (b), V+N, and (c), V+Nb   
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 APPENDIX B: METALLOGRAPHY 
This appendix contains macroscopic and microscopic FESEM images for several 
continuously cooled conditions. Figure B.1 shows the variation of macrostructure of V with different 
intermediate hold temperatures with FESEM images taken at an original magnification of 150x. 
Microscopic images, taken at an original magnification of 10000x, are included in Figure B.2. The 
effect of alloying elements is presented in Figure B.3, which includes images of the macrostructures 
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Figure B.1         Macroscopic FESEM images of V-microalloyed steel held at intermediate temperatures 
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Figure B.2         Microscopic FESEM images of V-microalloyed steel held at 1093 °C, following 
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Figure B.3         Macroscopic FESEM images of different MA steels cooled from 1093 °C at constant 








 APPENDIX C: VICKERS HARDNESS 
This appendix contains full hardness data, containing sharp increases in hardness due to 
martensite formation. Figure C.2 shows the full hardness data for continuously cooled samples. Large 
hardness increases at high cooling rates indicated the presence of martensite. The hardenability 
reduction in the V+N steel observed microstructurally was confirmed in hardness data, with a slight 
hardness increase with cooling rate but no large variation with any of the three hold temperatures as 
shown in Figure C.2 (b). The V steel hardness data suggests martensite transition starting at 10 °C/s 
for the 1093 °C and 950 °C holds, but martensite formation was not observed at 880 °C up to 12.5 
°C/s (Figure C.2 (a)). The V+Nb steel showed the earliest indications of martensite, with a critical 
cooling rate of 7.5 °C/s for the 1093 °C hold, 10°C/s for the 950 °C hold, and 12.5 °C/s for the 880 °C 
hold (Figure C.2 (c)). Differences in hardness due to material confirm what was observed 
microstructurally, namely the hardenability of the alloys increasing in the order of V+N, V, then 
V+Nb. For alloy differences, 1080 hardness values were shown as reference lines on the plots. The 
large drop in hardness for 880 °C, cooled at 2.5 °C/s is due to a degenerate pearlite structure shown in 
Figure C.1. 
 
Figure C.1          Degenerate pearlite structure formed in 1080 with an intermediate hold temperature 
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Figure C.2         Effect of hold temperature and alloying on Vickers Hardness measurements for the continuously cooled samples. 
 
